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DEFACE

/

The National Environmental Studies Project sponsored this /Investigation for the purpose of providing, the nu

clear power industry with information, data and methodologies needed to evaluate the transportation of spen~

reactor fuel by barge or barge-rail interrnodal methods. Although the resul'ts of the study are generic in natun-

they are readily adaptable for site-specific analyses. Prior to this investigation, there was very little published h

either the industry or govemmant on transporting spent reactor fuel by intermodal/water means,'ven though

relatively large body of literature addressed overland transport. It should be noted that while this study rathe

specifically treats the shipment of spent fuel from reactors tn reprocessing plants (the investigation was starter

before the current Federal administration decided to indefinitely defer reprccessing), the results given in this re

port are equally applicabh for the intermodal/water transport of spent fuel to,i'nterim or permanent storag/

facilities.
One of the primary reasons this study was funded was because there are o0er 100 reactors on navigabl/

waterways and many of those are not serviced by rail. Stations may not have rail service because of the high cos

of rail spurs from the site to existing rail lines or because of unsuitable soil conditions or rough terrain. This lack o

rail service is an important consideration because Allied, General Nuclear Services'eprocessing facility in Barn

well, SC was designed to receive essentially ail shipments in large rail-c sks, as opposed to tru'ck; similarly, Exxon

Nuclear's proposed plant at Oak Ridge, TN would rely on large rail-cask shipments. Moreover, large rail-sir,

casks are not suitable for highway transit due to weight restrictions, and many utilities, which have assess<.

problems related to large vs. small casks,'would agree that shipping in large casks is desirable."
')

This study addressed a wide range of topics, which include the operational methods, equipment requirement.
//

and availability, manpower requirements, regulations, radiological impacts and economics associated witl

several different barge routes and barge-rail intermodal mixes, However, the primary thrust was to estimate th

probabilities of beige accidents under different conditions and severities and to evaluate the radiological conse

quences of such accidents. The contractor also estimated radiation doses to the public and personnel under nor

mal operating conditions. These radiological analyses are the most original contributions presented in this repor t

and they provide a compilation of some of the more obscure and difficult information and data (i.e., barge acr>

dent data and radionuclide source term estimates) that are necessary to perform an adequate radiological asses.'

ment of transporting spent reactor fuel by barge,

It is NESP's hope that the Departments of Energ1I and Transportation, the Nuclear Regulatory Commission, an~

utilities will find this generic investigation an iriiportant contribution to future site-specific evaluations c
transporting spent fuel by intermodal/water rnearIis.

/. /!

. Philip Garrett
National Environmental Studies Project

Q
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SUMMARY

In termodal transport(a t ion o f spen t nuclear fuel
1,

between utility sites and receiving facilities is being con-
sidered by the utilities as a means of, meeting spent fuel
shippi.ng requirements in the coming decades. This report is
the Jcuimination of a study sponsored by the Atomic Industry,ai

)
'I

E'orum to determine the following;.

the ext'ent to which intermodal. transpoi t is useful.
for "access to uti.lity sites

~ the equipment, and'anpower requ'irements for spent
fuel shippi.ng campaigns

~ the regulatory constraints on the configuration of
equipment and procedures used for intermodal trans-
port

o the impact, if any, of intermodal,.transport on radia-
tion risk to the public from normal operations and
accidents

~ the cost".'- of intermod'al 'transport'ompared with other
modes of" transport

(I

)I 4 U, )j
I

The following conclusions are drawn, from this study:
I V (I '

~ Ti~~ere- are intermodal transport access routes for. a
(I (

majority -of the utility site's with. plants on line or
expecte'd to. be on line by 1985. Approximately 90%

Iof. the sites with presently operating reactors, 'and '-'

80% of 'the si'tes with reactors expected to be on line
()

'y1985, have definable intermodal" routes in which
more than 90% of the mileage is waterborne.

()

I

C

* '

(l' J

. I
II

.)
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The equipment necessary to handle intermodal ship-
ments of spent fuel is available today. More effi-
cient transfer equipment designs can be developed

5~% if the volume of spent fuel shipped intermodally
becomes significant. Extensive utilization of
intermodal transport of spent fuel in the U.S.. (40%
of all spent fuel shipments) would" require 25 to 30
tug-barge units„ which would not overtax the presently

'vailableequipment.

~ NRC and DOT regulations 'do.not impose severe con-
I

straints, on the equipment and procedures which cais

be used:in intermodal transport. In particular,
doses accumulated by the rigging and bi'ge crews

during intermodal transfer of full casks are 'within,,
the guidelines for non-radiation worker clas'sifi- .,

'cations.

~ The maximum individual dose received by an individual
member of the public from normal intermodal transport,
operations is 1.9 x 10 mrem/R-yr, which is a fa'ctor

6of 4 x 10,smaller than the allowable dose from

nuclear activities cited in 10CFR20.105.

o Risks to the'public from intermodal or rail transport
o'f spent fuel are comparable and's'mall. If inter-
modal transport" is used to remove spent fuel from,.a
reactor, the risk to,the public from, radiation
releases as a result of a spent fuel accident is

'-6
estimated. at approximately 1.2 x 10 man-rem per
reactor-year. The risk associated with "transport by'7rail'nly is 3.7 X "10 'an-rem per reactor-year.

A



)i

~ Intermodal transport of spenL'uclear ft!el. is inore
'costly than either ra.i.l transport or transport by
legal weight truck. The r4elati.vely high cost o.f,:inter,—
modal„transport;: i» iarge.ly .u 4resuli; o.f high ca'sk
rental charges wi>i.ci! accrue drIr. i ng".I.ong trans:it and<)

tr'ansier periods aL L'he u ti:I i i y and receivi nj; f;icili ty.
The cost of intern>odal, transport should become n>oie

attractive a)s crews become iricreas:ingl y .familiar with
the. t/ransi.'er operati.on and bet ter. trans fer equi.pmen t
designs come on li.ne.

'I

4

~ Intermodal transport ret!'resen t@4 a viab le a I. ter: nat ive:
to" rail a'nd truck tr!'nsport", especi;!11y for:, s:i tes
near navigable waterways wh:ich do not have r'i!.i 1.

ser vi ce'..
/

14
0

'i!ereport is di vided .i nto seven sec!, i<>ns, e>'rch o
I'h.i

<'i> .is s!'!mmarized at .i ts begs.nni >'>g for c tur.i Ly. The cc>n-
I I)ten L» r>.t'. these sections are) br..i.,e f:1 y de»cr:i bed be.l ow.

(I
1

Sec tion,,3 . 0'4

Tbe scope of internodal trarsspor't is !ssessed. Inter-
modal routes to. util.ity. sitles,",inci udi nj; those;" expected '')
to be active by 3985,'are mapped, Genei al:i.zed routes
which have. features of' number of indivi.dtIa.i roul.es
are formulated:fo'r use <>,,n tl>e probabi, l.isi;ic risk

I/assessment.'qui.'pn!ent, requi/re>net> ts i'o!'x tens;i:ve1

utilization of intermodal spent .fr!e I i;ransporL are
p 4

de tern>ined.
I

jQ

IP

I>
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I'I

Sectiotn 2.0
Ct"

A number of ava:i.lab:l.e and proposed interrnodal'rans I

o
', port systems, are reviewed. „Equiprnen t, des:i.gns are',

I

discussed, operational. pi or edri res detailed 'and labor
requi.remen ts, es t trna i,ed.

'«Sec ti.on 3.0
NRC and DOT r egulat.i.onts regardi.ng .i.nL. - rmoda.l. trans-
port of fuel are revi.ewed.

~ Sectiofl 4.0
Radi'.ation doses Lo Lhe bar'ge and trans'fl I'r'ews
fr'om nr)rmal in terrnodak transport operas:i oris are
eva.luated. In add.i. Lion, dose, colllIHi tml'n Ls l.o Lkle

-'»blic from waterborne t;rane i.L o I'pent. l'»el. ar'
es tima ted and compa.r'ed wi th NBC gu i de.1 i »es.

~ Sect;:ion 5.0
A» assessraeri'L .i.s made. o.l: tire p r'obab.i i i

I

o i':i.n terniodal'I transpor't acci.den ts wi th
radi.oacti ve releases. i'ault trees are
evaluate the probability of postulated

Ly ot'ccurrence
potential
used t;o

releases.

«..Section I6.0
,The, consequences of potential radioact:i.ve releases
resulting from postulated'ntermodal transport acci-
dents are estimated i.n terms of dose to the public,

I

'In addi.ti.on, probabilistic ri.sk to the'ublic due to
, intermodal t;ransport is compared'ith the risk i'rom

I

oth'er modes'f spent Ifuel transport,.'



t,, ~, „:„, ',, '1.

i le
,
'i Sect;i.'on 7.0

'I'lte cost o f.''i>en I; f tte1. I,'t'lt tl" po v t Il Iay:iltt t et'tttoclll i, f rat]s-
po'rt;, rai1,: and I eg;t1 'wei git'I;„Lt ttt.k are compared.

Cl,
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1.0
)

SCOPE OI'NTERMODAL TRANSPORT

Purpose and Summary

„This section has two p»rposes. The fi.rst„,is to
assess the uti:f.ity o.t' r» terr«o<f;».'r transpor tat.i<in o:f spent
n»clear fue1. between reactor sites and recei.vi ng,f;<cili t i os
and to determine the number of.'i,tcs for which intermod'».1
routes are ieasible. Intezmodal transport, as used in thi.s
study, applies to the transport o:f. spent nuc l.ear .fuel. between
the uti]ity site and the receiv.i.ng .faci.li Ly using; ». comhin;»,t:ion
o f bz»rge and overland (rai I oz truclc) conveyance".

))

The second is t,o dei jne a .Ie'<si.b.l.e .i.nf;ermodai trans-
l'>orL route between oacl< r'ca«to<' i Le z<nd l I:,s closest.
r'8<!ei vi.ng lacil i ty. Ha<..h i rr ter«»od;» I rou te .i s de f i.ned 'by:l Ls

.i<npor tant char zcteri st i «s, including the w» terborne disL.»<»< e,
Lhe overland distance, a»d the make«p of.'he w':».Lezf~orn<:.

L'

A ))

Eighty —n:i.ne oi'he 311 reactor s'i tes now opera-
tional or projected to be opera.t;ional. by .I985

can be serviced by intermodal. transport :f'r
;the removal of spent:fuel.

.<o«Le. A. set of eighL genez ic rouLes .is de f.':l ned, each of
()

wll:l ch represents the importan t characteri.s t;:i.cs oi' nun<her o
f.''o»<t,es.'l'hese generic routes are utili.red in later sect:ions

<al.'he study to estin<at,e public risk izom inLermorial tr'»ns-
)I

port and to evaluate the comparative economics o:f'ntermodal
ransport as opposed to strictly ovez'land Lz ansport. Res»i.ts
l'he scoping assessmer<t are as iollo<<)s:

.: < Between the reactor. site 'arzd its intermodal Lzans.fez
point and between the receivi ng i'acili f;y and its
intermodal transfer point.



b) Fifty-five of the 62 reactor units operating
in 1977 (nearly 90'>) are serviceable by inter-
modal transport. I3y 1985, 1.53 of: the 191 units
expected to be i.u operaLion (80/0) will be
serviceable by internlodal L!anspol L.

0

c) A set oi'ighL generic routes, rangi.ng in
length from '.I.OO to 1.650 waterborne miles,
describes the characteris'Li cs o f all i nter.—
moda1. transpor t rou Les l easi h le by 1985.

d) Th ~ average waterborne por ti on i'r in termodu, 1

transport routes is 1 300 mi.l.es one way. The

avera.ge cy«l e coul.d requi! e app> ox in>aLel.y

34 days .

1:xtensivc ui.i 1 ization ot lntei mo<la l transport
of spenL''uel, i .e., servi ci ng 40 <, of the
reactors operati.ng in 1985, wou1d require the
full time services of 25 tug-barge un:i.ts.
to 30 tug-barge uni.ts could he required ii
waterway condi.tions become markedly more

Up

crowded,. substantially increasing lock wa.iti.ng
0

times.

.l . 2 Avai.lab] e Waterborne Routes

The three major kinds of waterways used for trans—
port'i.ng goods in the United States are the rivers,

I.

the intracoastal waterways and--the Great Lakes. These are
shown in Figures 1.1, 1.2 and 1.3;=respectively.

!t

)j" .* Information .correct as of 1977 (see Appendix A)..

1—2



Key to Fi.gures .I. 1. and:I. 2 and Table 1.2

River Systems

l.. Upper Mississippi

4 5.

Tower Mississippi.
Illinoi.s River
Missouri River
Ohio River

6.. Al.iegheny River
7. hlonongahel a Ri.ver

Kunawha Rj.ver

Green Ri.ver

Gumberland River
Tennessee River

12. Arkansas Ri.ver

13. 13a rk'I ey Canal

.14. New York State 13rrge Can;r.l

1 5. Iludson Ri ver
16. 13]ack Wart i.or Ri ver

I ntracorrs ta1 Routes

I. GulI':I:ntracoasLal Wu.ter-
way (West) (GTW)

2. Gull'ntr'ncoastal WaLer'-
way (East) (GTW)

3. Port All en-Morgan Ci Ly
cut-oi'f

~l. Atl.:mt.ic fntrncoastal
Waterway (ATW)

Chesapeake 13ay

6. Dei aware R.i.ver 4 13ay

7. Chesapeake 8 Delawrrre
Can a.l

8. AL.Iur'rti c TtrI.r llcoastn1
Waterway (Ocean Coast.al) (ATW )

9. AL1;rntic 0(:enn
SegmenLI'0.6u.lI'f

hIoi.icn SegmenLI

17.
18.

Ch a t t ahooch ee Ri.ver
Coloosahatchee Ri ver Sys Lern (Okocholiee Wa Lerway )

A semi. —protected route still classi f.i.abIe as
i.ntracoastal.

i An unprotected open ocean route usable by properly
out:fi.tted ocean-going equipment.

l.—3
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River LinksFigure 1.1.

)lest oC ast Excluded



Routes are choIsen for max>mum
protection en~oute and do not preclude
open ocean routes'.
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U

mi.leage and the contro'I.ling del)l.hs of Lhes('outes, avai'1-
able from the literat u) e, aro pre (nted in I'ables A 1 and

A.2 of.'ppendix'. 'I'l)e I'oc))s o!':h.is )'<.p<i)'I is )'esl.'i
icf.ed'o

the portion of. I;he U.S. e)st of'he llocicy bio»ntains since
thUe mountains are a f>arr.fe). wl).icl) »takes inter)nc)dal shipment

'I,

across them untenab.l.e wi thouL exten .ive rlai 1 I in'ks.

,

I'<,mi-protecte(focean segn)eats (('..g., Bangor", h1aine; to
New York Ci f;y) and. ope)i ocean segrnen ts '(e. I'1'., New York Ci Ly

to the mouth of Utl)e I)el:)war(; Ri ver) can be»sed;)s spent I'uel.

Lransport routes i f: prope).'ly out l'i tted L»g-))urge»nits
are avai.lab]e. Ship)neat on di'f'Ierent; route 1 inlcs ca)) be
accompl.ished wi f;hout;: chang inI; barges, al thciuj.;h tugs may be
changed as needed to meeL d i .Il fe) (.nt n;) vi g ) l,innal re(lui rements.

U

A] 'I, waL< rw.yi.; consi dered .i n th i s s t»dy are <)sl)b I e i'or spen t
/pI'uel transport since;) I l. ()Il the<n a) e oI)(» I<)l'n (<ver'Lg(-

o.l n I <le mon L'hs oil t () I l.l)t.. v< n)').I)<i )I si ng I ('* )'(
a(''0)'h

)pp) ng c())npai gn c') )1 l)e con)I) I <)ted Ii » I ess L h;) n Ilo» r
I U

n)<>nt:hs. U

Lief 'l.n3. L'ion of I at<')'n)od') .I Bout<='s .

'l

'I In ordeUr to assess the't:i.:I ity <).I',.intte)<n)od().3 trans-
port a's a. means of'removing spent I'uelU,from;.I: ) eactqr, the

U

' location of" the- reactor with res'pect to navigable UwaULer must

be determined'., Sites defined ns serviceable by;'irILern)odaly»
U

. transport includ'e one or more of. the.i'o'I.lowing:

aU)U direct access to -.a nav i„gable wat(=rway
1

1

U

Routes along the eastern coast.,are chose)) 'f(~r.maximum
',protection. However., th:is does not, fireclude the" use
of fully open ocean routes in the future as integrated
,tug-'barge units are used more. extensively. "

U U

.I.-7.
~ ..11

<t
.,Il 'UU

, 'I
Ut '-U IU
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b) a short distance, i„.e., less than 20 miles
between the reactor site and a.n intermodal
transfer. point that, is negotrable by heavy

haul tprlcks

c) a > ail link betweerr Lire r<.auto!r. s:ite and a

sui.table in terr»odai t.raus l/er poi » L

Ail reactors whi.eh!are oper ai.i
wi Lh constrrrction licenses pending, or

0

considered in this study. A lis ti.ng o

»g, under construction,,;
ll

which.,;rre planned were
t.'.l l of these s.ites

which tabulates their statrrs and ttreir access lo;r navigable
waterway or rail link (determined from

men l,ation and other sorrrcc;s) is gi v<!n

Apperrd:i.x A.

NR<t.'icensing docu-
r ll I rible A..l ol

1

Intermodal routes w(.;r'<= dei.irred .for'a<;lr re rotor
si.te .less than 100 miles from rr;rvigabl.e watei and for which

the "overland distance on the rout.e is less Lh:.rn .IO'y<'I oi'he
Ij

tota] trip d.istance. Det'in.i tion ol.'an i nter mori».l rorrte
'requ/i res speci f.i.c knowiedge o,t':

the overland mi.le;r.ge'eLween t,lre reactor n.nd

the intermoddl 'transfer poirrL

b) the!waterborne mi.leage on eaclr water link

<\ c) the overland mileage 'bei,ween Lhe recei.vi.ng
!.

,Xacil'ity and"tge.intermodal transfer point
li 11 !I

,fl 'i

00
'1

Heavy haul tru'cks are "defined as units espec ially 'designed
to 'haul- large, cumbersome" loads, such as railcar size

"spent fuel casi:s, lover a variety of terrains i.ncludi.ng
'publ/ic'oadways (rrnder permit).

l II
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11/
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'I'he results of this deiinition process are .giv n in Table.
A.-'J of Appendix A. Tile l ecei v:i.ng f'aci lity locations con—
si.dered are i.n Barnwe1 1, S.C. (B) and Oak, Ridge, Terlnessee

'(0). A surrunary of. these resul ts are oresented in Table 1.1.
It'l>ows that the ma;jority of reactors on; line or expected

'1

to .be on l.i.ne by 1985 have feasible intermodal transpoi t
ii

routes. No in'terrnodaJ routes are deii.ned for sites,,'on, the
Paci f.'lc Coast, sites not near navigable water„, nor for sites for
wllirch the overland. distance: to and from water is greater than
':I 0@o o I.'he Lo tal d i stance to the recei vi ng facility."

'lj

tl

'I"lbl e J ..I . Summary — Scope ol.'ntermodal Access

Nr> '.' f
Operrl,ting

Reactors
1 97I7

No. of'o. of
Operating Reactor

Reactors Sites
1985 1985

'I'o L'l I

No."', wi I.tl I. Il ter'ljll>dpi I

Acci-ss
rl

"I"r ac t i oil Ser v i cell b I e
by Intermodal '-i.'s ans-
Pol t

'I'ilg —l3al ge
Uni.'t,s Hellu:i red for
lleavy: Use Scen;l r:i.r>

55

0.9;)

9

J91

I53

0.8

25 -- 30

89

0.8

I)

.I . 0

i) '1

0

l')e.i.'.I»iLi <»> o I'er>er i « Ifr>u Les

)"

A) en>bod i es some uncer'La i n ti es. i r~. est
to su i. ta bl e elnba r ka t ion points . Also,

'

)I
IV

ltoll tos to the hfo> l:i s, 1 I 1 .i »l> I s fan:
i n this study .,Ilowevel,„ I, he resul
c„onsi dered'-"app I:l.cllbl e'-becailse of t.r

'in aver'age'orr te lenf.tlls.
I.

in Table A.'J (Appendix
im:l ted rai1. d:i stances

each rouLe "has other
II

i) I .i i.y wer <. n<'~t "defined
Ls of: L'I'le sturlV al e
he expected similari.ty



peculiarities, such as varying weather conditions, controlling
depth variations, or marine traf fic conditions, whi'ch render
them to a: certai n extent; un i que. Detailed consideration of

".
I''fch route was not wi thin the scope o:f this sf;udy. A

set of generic routes derived from 'characteristics of the
feasible:intermodal routes.. and rninimizirig the.f.r peculiarities

(-is compiled for use in the risk analysis models.

A1J generic routesIIca» be ident'ified by one or more
I/

of the 'J'oJ.'J.owing indicat:ors:

a), n'>1 leage or'i major wa.Lerborne 1:inks

,'J

b), = mi.leage or> 'over.i arrd co»neet:ions t,o a sui tabl'e
intermoda1 transfer point

'.1

c) mil.cage in speci f J.c mar.i ne'rrv J.ro»nre» Ls (such
.as where contact wi th nra,'jor mar.i rre trai'.I ic is
possible)

'I

Seven generic routes are dei'i.ned in Table 1.2 using
the criteria above and the information in Table A.4 of
Appendix A., The eighth generic route (No. 4 in Table 1.2),
was not defined on the same,.bases'Ias the other routes. '1'his

I)

route represents an i dentif ied near —term real. r equi.rement for
waterborne spent fuel. transport, i.e.; linking uti..lity sites
without suitable rail 'access to„railheads a.t: ma.„jor ports. An

.intermodal transi'er wou'ld be made at; Lhe major. port and the
remainder of „the trip would be made by" rail.



Table 1.2. Generic Intermodal Routes
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See page 1-3 for 1'ey'o table.
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1.5 Equipment Requirements l.'or Extensive Utilization of
Spent Fuel Shipment by Barge

,An intermodal shipmenL of spent fuel trom a si.ngle
reactor site requires the use of a. tug, a barge, and various
pieces of transfer equipment; (see Section 2.0). Given this
i.nformation, the quantity of equipment needed for. large-
scale implementation of. intermodal spent fuel transport in
the:U.S. was calculated.

First, a wei.ghted aver;tge which considered route
di.stances and number of. reactor s'ites on a route was taken
across the eight generic rout.es to approximai.e i. single
"typica'3 route". Characteristics of the typical route f)I;.'(
.i ncl udi ng a breakdown ot'verall tri p time, 're g i ven in
Table 1.3. Since an average wat.erbor»e trip both ways takes
34 days, a. s.ingle tug-barge uni.t could complete Le» tri.ps
year.

The number of barge t:ri ps required per reactot per
year to remove spent fuel can be determi.ned by consideri.ng
present generation core sizes and cask capacities. An aver-

V

age 1000 ioie PWR has 1.93 fuel assemblies ol'hich one —third,
or 65, are 'removed yearly. The largest rail car si.ze casks
presently availahle hold 7-12 PWR fuel assembl.ies, or an aver-
age of 10. With 2 casks per barge, an average of. 3.25 trips
would be -:required yearly per PWR to remove its spent fuel.

Although 80'4 of all operatit'ig reactor sites in 1985
will have feasible intermo'dal routes, it is unlikely that
intermodal transport will be used for all of them for a
variety of reasons, including cost. In a. heavy use scenario,

cj



'I'able 1.3. Characteristics of the Typical
Intermodal Route (h)

Waterborne Distance One Way (mi)
Overland Di.stance One Way (mi)
L.cks(a)

D.i.st.ance Between Locks (mi).(b)
Avg. I.,ock Wai.ting Time (hr)
Max. J.,ock Waiting Time (hr)

Tr.i p Ti me Corr tri.bu Lors(c)
(d)Trave ].i.ng Ti.me ( days )

(e)'i'otal I:.,ock Wai t ing Ti.me
(nvg) (da>>>s)

To L;r..l Lock W;r i L i ng TJ me (J)
(max) (days)

(g)To L'a I 1 rrrllar orllld '.I'J rile

(days)
Aver'age lour>rrd 'I'r' p i llllo (drlys)

lrlri)r.l rr>i>In II<>>l>r>I I r' I) I I l>lo ( d;lys )

r,

(;r ) Orr 1 y or] r i ver Lr i ps.

1311
33

55

1G

.I.2

l2

34 I 1.0 Lri ps/
(bar" ge —y

l.'0

(8.5 L r .i I>s/ i)
(bar ge —y

r'b)

At> average r)I'8 mi on LII>l>or'ississippi arrd 72 mi.. <>n

the Tennessee i]i ver
(c) A]1 esLimat.es I'or r»>rrrrl I.r'il>s

(d) LJs J»g bnr go speed of 7 r»plr ( I'r<)rn Section 7.0)
(d) From r.efer ence A. I

(f) Frorll refererrce A. I wi Llr a] I locking operaLIr>ns taking a
lllaXilllum t r Ale

(g) Ave) age ot'.l J tur nar.ourrd met.hods considered (from
Secti.on 7.0)

(h) Al ] Lrrbrr.'I >.ted data i s I'or one-wuy Lrar)sp()r t rlrrless
otherwise ind i.ca ted.

(i) Does not consider tug-barge urri L nrair>tenn»ce ouLages
and othe~ procedural delays

0



perhaps half of these sites ~(40",o of all reactor si tes) would

use int;ermodal transport methods. If 40~i< oi'he 191 antici-
pated t eac'Lors requl re 3.25 Lwo-way, trips pel y('.ar t;0 1 emove

thei.r spent fue.l. and a s.ingl.e Lug-barge uni t; can complete .LO

trips a year, then u. total of. 25 tug-barge units would be

required t o implement; nat.iona). usage of i n tern>oda I tran:..port
Nine barge —tows. would be t e(}ui red Lo service a s.imi. Lar per-
centage of reactors i.n l977.-

Should I.he amount. ol.'r;t f l.'ic on the waLerways

s.igni)'i.cant;ly .increase by .'I985, six days might. be added t.o

the two —way trip time, as shown in 'I'able .I.:3 (maximum lock-
wait ing time). In Lhis case, u single tug barge unit cou'Id

complete 8. 5 t.rips a year, and:30 tug —barge un.i t.s would ))e

rec)ui red for large-scale impl etnen tation o f i n Let modal trans-
por t..

does not consider tug-barge un.i t .nba.i n tenance out;ages and
other possible operational delays

,1
'I
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2.0 INTERMODAL TRANSPORT SYSTEMS

,Purpose and Summary

A variety of transport system designs are currently
be:ing cons.idered tor transport of spent nuclear fuel by

water. These designs utilize equi.pment ranging from readily
available barge and ri.gging equipment to equipment specif-
ica'1:ly designed for intermodal spent fuel transport. The

p»rpose o.f. this section is to provide operational descrip-
Lior>s oi'everal of these candidate intermodal transport
systen>s and their equipment and man-power requirements. A

sun>n>ary o.l.'he attributes of several different systems is
given below.

1 L .i s > e«<)g» i zod Ll>at Lhe n>a»-powe> requ.i remen ts
<J.i> i ussed be low for i nt urn>odal tr>insfer are conservative and

>'el) r'use» t '» 1 'pl)e>' I rll,l: on eel')os>l>'e for occupational dose
«<11 c» I r> >..> Ot>H .

Avr>> i »b 1 o La>'gt >» >d lug E(1u 11)ln>'it

Av>>i i able equ ipn>en L (AE) systems uitable for carrying
>;>i lour si "e spenL fuel c:>sks+ make use of existing barge and

t ow equ i peen L. An 1 clenti f ied near term need for interrnodal

L»;;sport. »sing AE bar. e—Low systen>s is to provide a link
1!otween ut. i 1 i Lies wi t.h no r;>il access and railheads at major

II

* The" NL Ir>dust> les'0/24 and GE IF 300 casks currently
'licensed, along with the TN 32 cask soon to be introduced
in .this=country, are the major railcar size casks of-
interest. The GE IF 300 "wet" cask uses water as a
coolant for the spent fuel elements while the NLI 10/24
and TN .12 "dry" casks utilize helium and air respectively
as a coolant.
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ports. By using waterborne access a.t the utility site, rail
size casks. can be used for spent t.'uel shipp.i.ng. The increased
capacity of rail casks uver legal we.ighL Lruck casks would

allow a reduction .i.n total cunipa:ign Lime. Two types of cask
transfer methods, boLh of which uLi 1 lee Lhe rol.l-on/ro'I l-of f

principle, were considored i» I.his sL»dy.

a) Heavy llau1 Truck ()IIIT) Method

Trucks ure removed from the rai lcars form.inI,'

cask —pallet.which is transferred to rubber
tired dot].le .. An IIIIT then pul is the cask—
pallet ont.o and ot.'I'f the bar ge.

b) FloaLi,ng 13ridge (I"B) hlethod
(-

The wheels are l.ef.'L on I.he rai I.car, and a yard
engine transfer s'he rai.lear over a f ion ti.ng
rai Iroad l)ridge spun co»nocti ng the barge and

the I'ailhead.

The HIIT method. has two advantages: low capital cost
and use of commonly available equipment. Its disadvantages
include longer transfer time and higher personnel radiation
doses. The FB method hus the opposi.t.e set of advantages and

disadvu.ntages: " faster trans.i'er t:ime and lower personnel
radi ati.on doses, but a higher capital. cost.

Roll-on/roll-o.ff refers to the fact that casks are trans-
ferred to and from barges on wheels without benefit o:f
cranes.
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Speciall.y Designed Barge and Tow l".qui.pment

A significant i.ncrease in the operational efficiency
ut.'.»termodal. transport can be achieved ii equipment is, used

which is specifically designed for the needs of waterborne

transport and i»Lermodal. transfer between rail and water.
Spec:i.al. equipment for use in various phases of I;he inter-
modal trip has been curr'ently designed.

One concept is an integrated tug-barge (IBT)
»».iL whi.ch wou.ld provide greater flexibility of operation.
'I'h~ o»gh Lhe use of spec:ially desi.gned barges, an II3T can

c:<try up tu four rail si.ze casks and can utilize simple
I u n <. I I » g I' c I I i t i es .

sec<>»d con<'ep t .i s a spec i a,.l ly designed HIIT
V

I.'e» I.»< i»g» guoseneck arrangerne»L and rear dollies which

I'o«n»» i»Legs",<ted trailer wi t,h the cask-pallet. These

»ouse»u<:k i <»cks would red»ce ti a»si.'er handling time.

~ j IJ
I 15».rg<.—Tuw Sysi,en< Descrip Lions

2. 2. I Ava i I ab I e L'q».i.pme» L (AE) Barge-Tow Sys tems

A» AL" tug-barge sys tern used to transport spent fuel
wi.l I cu»si.st o.t' single barge and a tugboat t.o provi.de

niotive power (Fig»re 2.l). The tugboat can he used to either
push or p»l 'I barges. I'or extended, waterborne journeys,
several d.i f L'erent tugs may be .used. For example, a tri.p
f~oni'ake, Michiga» "to Oak Ilidge, Ten»essee would involve
ts ansi I, o» I:,ake Micl>iga», on ca»als through Chicago, and on the



~ IRT NP'( llf<IV4.i ~

~ I;.j
r='

Figure 2.1. Tug Boat Configuration ivith Barges Being Pushed



Il.iinois, Mississippi, and 'I'e»nessee River links. The most
appropriate unit:for the .'I.ake transit would be the open water
tug, whi.ch can push or prrll 'the barge unit. Transi,t through
Chicago requires a tug wi.th a special telescoping bridge
that allows passage under a number of low bridges on the
Chicago River. A standard tug can be used for the remainder
of the journey. Tugs with a draft of 9 feet are acceptable
in most intracoastal waterways and river systems. Ilowever,
some inland water li,nks may require the use of a tug with
a draft of considerabl.y ]ess than 9 feet, Note that the
same barge is used throughout the entire journey, and it
ther'efos e mr>st be;rppr'opri ate .for all types oi'ater con-
ti.i t i ons encoun Lered.

'I'l>e b;>rges used in sl>ent i'ue] transport must be sea-
w<>r Ll>y i r> Ll>e most dern>>r.d.i>>g env.i.ronrnent anti.cipa.ted for the
w»L ~ r I>«» r>o I>or Lion ul. the jor>t ney. The requlren>ents .for tug-
br> r'I'o sys terr> col>st> llc t] or>," oper'at ion ar>d navi gat iona] eq rr i p-
ri>err>. rrr'e coi r r e<i .in Lhe Dr u.I'I; ANSI 552 Guide.

I n l.egrn Led 'I'>rg-l3>>.rge Sys tems

Or d i n;>ri.l y, tugs I>ush l>;rrges in open water and are
rr>chorod to the barge by hausers or chains. Current opera-'

i ng p> ocedures for rorrgh weather require that the tug pu,l.]
CA

t.he br> >'ge o»:> tow'ine, but this method is highly vulnerable
fl

Lo Lhe loss r>f u barge in open water. Current designs
/I

rrrr>'el ior;rte r.l>is prob]err> withouL .introducing the maintenance
I>roblems;>r>d "osi.s asso«iated wi I;h:-'irrl,lo uni.i; tr;r.nsl>or t
sh ll)s .

2-5
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A nwnber of designs have been developed for
1.inki.ng special barges and tugs to provide a broad range of
s'ervices not previously considered possible with barge-tug
combinations. One design ca 1 'Is for an ordi.nary tug and a

specially notched barge as shown in Fi.gure 2 2 ( from Reference
2-I ),. which wou,'Id allow some rough weather capability. A

second design utilizing a semi.-rigid nr rigid 1.ink between

i sI>ecial tug and a speci.al barge J.s shown in I"igure 2-3

( I'ron< Rol'erence 2-2). The Lug used:in this design is simi:lar
Lo an ordi nary tug except for t.he shape of i Ls l<ui 1 and the

l.

addi Lion of semi-rigid linking mechanisms.

The barge used in ei Ll)e< of these designs is a

speci a J purpose vessei. having n capaci.ty of it least .I'our

<.asks (capacity greatei th;in 1000 DW'I') and i ts own trans fer
i <I u I I)inen L for l oading and unloadi ng at- I)ri a<J t J ve L runs I or
I'n c i I .i t. i es .

f n Lermoda] Trans J'<=< L1escr i p L J or>

'.3. J Transfer Techn.i q ues

Al J AE intermodai I,ransfer techniques ana1yzed in
Lh:is study uti.lize the roll-on /roll-off. transfer concept and

)r <void the u: e of, heavy duty cranes.

The simplest n<ethod o f inter<nodal trans I'er, as
descr:il>ed in Reference 2-3 uses the current generation of
casks, a set of dollies, and a large:tractor (or truck) wh:i.ch

would»ormally be used for movi.ng he'avy'equipment. The

casks, with al..l thei.r support equipment and all personnel
iJ

shields nee'ded to comply with regulatory radiation dose
l.imi.tat',i.ons, would be mounted on rai]cars. Thus, when its
trucks are removed, the railcar becomes a complete, sel.f-

I

sus tai.ni.ng cask-pallet.
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Figure 2.3. Two Cask Arrangement on a Class I Carfloat Type Barge



There are two methods for transferring the cask-pallet
to the barge: a) remove the railcar trucks, replace them with

rubber tires, and haul the cask-pallet onto the barge with an

IIHT (Figure 2.4); or b) leave the railcar intact, connect

the barge and the railhead with a special, floating rail
transfer bridge, and push the cask-pallet onto the barge with

a yard engJ ne (Figure 2. 5). The first method is hereafter
referred to as HHT (Heavy Haul Truck) and the second is
referred to as FB (Floating Bridge).

As Js pointed out in Reference 2-4, the FB method

can accomodate significant changes in water level, and it
stabi 1izes and secures the barge with respect to weight

movements during the transfer.

IIHT Tz ans fes EquJ pment and Personnel Requirements

L'q ui pmen L r( (I u 1 !efnen ts I or HIIT L runs fer are as fol I ows:

a) Lwo siren La i rai J.car units

b) severaJ seLs oi'ydrauJ Jc jacks and cribbing
materi al

Lwo se Ls o f front. and rear, mu 1 t I -wheeled,

heavy duLy, steerable, rubber tired doli ies
with rated capacities in excess of l50 tons

d) one heavy haul Lr uck capabl e of at. least 50,000
Jbs. force ot diuwbar pull

2 —9
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Figure 2.5. Floating Bridge Roll-On/Roll —Off
Transferral Process
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e) one barge slip with a rail siding at each end

of the waterborne portion of the journey

f) , one yard engine to move the railcar units and

their trucks

g) one flatbed barge and tug

As discussed above, the NLI 10/24 cask,and the IF 300
cask arrive by rail. at the transfer point mounted with their
support equipment on a single railcar„ A complete railcar
unit includes the cask, integral cask support, expansion
tanks, heat exchange equipment, and a personnel shield
(Figure 2,6). The cars measure 54'o 59'n length by

10'n

width and weigh 150 to 170 tons with a full cask (NL 10/24).
Jack be ims are attached across the bottom of the railcar to
avoid problems in ,jack placement and weight balance during
loading and unloading.

Pe> sonne.l t equi remen ts for tlllT liiading and unloading
include the following at each end of the waterborne leg of
the Journey:

a) one nine —man loading/unloading crew consisting
of:-even workers, one foreman and one super-
intendent (Multiple shifts can be used to
provide faster overall transfer time.)

b) one boat crew of two or three workers who

stay with the tow and barge at all times

c) two health physics personnel to monitor radia-
tion

2-11
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NLI 10/24 Cask

Figure 2.6 Top View of Integrated Cask and Bail Car Unit
NLI 10/24 Spent Fuel Shipping Cask



d) one three-man train crew of one engineer, one
foreman, and one brakeman to move railcars as
necessary

The above personnel requirements are predicated on
the assumption that exposure of the workmen can be kept
below the level which requires the classification nf per-
sonnel as radiation workers. The use of non-radiation workers
removes a number oi'rocedural delays and eliminates added
costs for backup crews, special suiting, and reporting pro-
cedures. Health physics personnel will provide administrative
control to l»sure compliance with regulatory dose limits for
personnel.

FB Transfer Equipment and Personnel Requirements

Equipment requirenient.s for FB transfer for each IMP
are as follows:

a) two specia.l railcar units

b) one floating rail transfer bridge

c) one yard engine

d) 'ne barge s]ip with a proper railhead

e) one empty railcar used for spacing (if necessary)

f) one carfloat barge and tow

Personnel requirements for direct loading and unloading
include at each end of the waterborne leg:
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a) one three-man -crew to operate the FB span

b) one boat crew of two or three men for the tow

and barge

c) one three-ma.n train crew

d) one health physics s epresentati.ve,

Since radiation exposure i.s a,function of the time
spent at a given distance from the cask surface, it will be
l.ess for the FB method than for the iiiiT method because the
close-in time needed in the iHiT method for, jacking operations
and securing of the casks to doll.ies i.s eliminated in t:he

FB method. The heal th physics t.'unction is simi 1ar to that
J

for the HHT process but is not as stringent.

2.3.2 AE Transfer Procedures

In an HHT transfer of a full. cask the following
steps occur in sequential order upon receipt of t: he special
railcar at 'the rail siding',

a) The railcar is positioned at the end of the
docking facility by the train crew.

b) An inspection is made of the railcar and its
load by health physics personnel to ascertain
cask integrity prior "to loading.

c) The HHT h

assembled

V

auling vehicle~ and dollies are
(I

Ci
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d) The jacking system is inserted beneath the
railcar; the railcar is jacked from its trucks,
and the trucks are removed.

e) The dollies are placed under the railcar which
is then lowered into place and secured.

f) The barge is secured in its scrip, and a transfer
ramp is installed.

g) The hauling vehicle is used to move the cask and

dollies- onto the barge, after which the cask is
removed from the dollies and secured. The

barge is trimmed as necessary to insure load
stability during. this time.

h) The load is hei.nspected by health physics
perso»»eJ for cask integrity and the tie-
downs sic inspected by the barge crew prior to
acceptance of the shipment by the tow operators.

The entire process is repeated for the loading of a.second
cask, and, with niinor differences, the same procedure is
followed in reverse for cask unloading.„

In an IB transier, the following occur in sequential
order'upon receipt of the special railcar at the rail
siding:
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a) The railcar is positioned at the end of the
floating rail transfer bridge by the train
crew.

b) The railcnr and its load are inspected by heilth
physi.cs personnel.

c ) The barge is posi.tioned in i.ts slip and tri.mmed

to level in front of bridge span.

d) The span is adjusted to be i.evel with respect
to barge deck.

e) The raiicar i.s rolled onto the barge by the
yard engine while the barge is trimmed as
necessary to insure load stabi:tity.

The rai. lear is secu red using chocks and

tiedowns. The load is rei.nspected by he;i1th
physics personnel and the tiedowns are inspected
by the tow operator prior to acceptance nf
the shipment.

2.3.3 Advanced System Transfer Procedures

Cask transfer procedures i.n the advanced system are
similar to those for the AE system. The casks are trans-
ferred using a roll-on/roll-off technique. The required
equipment consi.sts mainly of speciali.zed rubber-tired, trucks
with several design features to avoid the need of jacking
operations during loading and,unloading.
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Cask palleting is slightly different than that for
the AE system. The cask and pallet no longer form an

integral railcar unit. The pallet is such that, with the
cask mounted, it forms a unit which can be directly picked
up by a gooseneck" arrangement of a specially designed
HHT (Figure 2'.7), avoiding the need for rigging equipment

such as jacks and cribbing. Therefore, if transfer is made

to or from railcars, the cask and pallet are hauled onto a

heavy duty,. railcar by the HHT, set down, and secured. Alter-
natively, the cask may be placed on the railcar using a
crane with a capacity of 170. tons. The HHT "gooseneck"
unit stays on the barge'nd it is used at both ends of the
journey (Figure 2.8).

Four casks may be carried by the IBT system with the
casks arranged in a balanced cluster on the barge deck.

Crews required for the IBT transier process are
smaller than those required for the AE HHT process since the
rigging crew is much smaller and no train crew is necessary.

2.4 Procedures and Operation 'During Waterborne Transit

In-transit procedures vary with the type of water
en'viroument to which the barge and tow are exposed. While
no inspection is required during transit, one member of the
boat crew should be designated,to verify the integrity of
the radioactive cargo by package checks
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Figure 2. 8. Illustration of Cask Removal from Barge
Using Gooseneck Unit



Communication with appropriate shore based stations
regarding the status of the radioactive cargo is required
periodically. Delays and estimates of delay times would be
reported to allow for the placing of crews at the debarkation
points. Mishaps of a serious nature would be reported
immediately to the nearest NRC office and to the Coast Guard.
If docking is to be made at a port from open water.';,~r intra-
coastal water, the captain of the port would be notified in
advance of docking so that he can be prepared to inspect the
cargo and ascertain its integrity on arrival. Some advanced

tug-barge systems can operate in open water under poor
weather conditions, but all AE barge systems operating in

open water are limited to normal sea state conditions.
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3.0 RULES AND REGULATIONS

This section presents an overview of the regulations
affecting packagi.ng and intermodal transportation of spent
nuclear fuel. Regulations considered include those of the

;i

Nuclear Regulatory Connnission (NRC), Department of Transpor-
tati. on (DOT) and Coast Guard. Coast Guard regulations are
admini.stered by the Materials Transportation Bureau. The

subject material is very extensi.ve and reference to the
source documents is recommended.

3.1 Background

(3-l)Theie are four basic safety requirements which

adust be met when transporting radioactive materials:
ll

c)

Adequaie containinent of the radioactive
material
Adequate shielding of the radiation emitted
by the material
Safe dis~hipation of heat generated in theI). ~

spent fuel
Prevention ol nuclear criticality, i.e., the
prevention of the accumulation of enough

fissile material in one l.ocation to result
i.n a nuclear chain reaction

The first three requi.rements may be summarized as

general i zed con tainrnent. The last item and, to some extent,
i tern c are related to maintaining the integrity of the
containment.
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The adequacy ot'he regulations is not addressed
here. Rather the adequacy of the regulatory framework is
assumed, and only its requirements are identi.fied.

The International Atoini c Energy Agency (IAEA)

pubi ished the first codified regiil ati ons regarding the safe
(3-2)transport of radioactive material in 1961.. " These servi d

as a format for structuring U.S. regulations for which the
responsible agencies and departments are the NRC, DOT,

Coast Guard, and Postal Service. International shipment

must be consistent wi.th IAEA standards, and Lhe DOT serves
as the U.S. "competent authoriLy" for this inLerface.

NRC regul ati.ons are con tai»ed :in the various
chapters of Titl.e 1.0 of. the Code of. 1"eder»l Regulations
(10CFR). These deal with licenses l'or occepLing or possessing
radioacti.ve material. Non-exempt material may be: trans-
('orred in approved containers only between 1icensees.
lOCFR20 deals with standards tor radiation protection,
lOCFR70 with special nuclear material, 10CFR71 wi.th packaging
of radioactive materi.al for transport and the transportation
thereof, and 10CFR73 wiLh physical. protect.ion ol'lants and

material including material in transit.

DOT packaged transportation regulations are con-
tained in various chapters of Title 49 of the Code

ot'ederalRegulations (49CFR). Labelling, marking, and

placardi.ng requirements are specified in part 172. Part

material whi.ch cannot be shipped through the mails.
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173 contains general shipping and packaging requirements
for all modes of transportation. Part 174 is devoted to
speci..fic, additional rail requi.rements, part, 175 to air-
craft reqiiirenients, part 1.76 to marine vessels, and par t
I 77 t.o., motor vehicles.

Var ious states, t,i>rough formal. agreement with NRC,

li;ive regulatory 'iuthori ty over byproduct materi n1, source
niat.erial, and special n:iclear material in less than cri.t ical
qu;inti t i es. The rii les adopted by these states are con-
sistent wi th DOT and NRC requirements for interstate
sli.i pping of r;idio'ictive niater ia1s.

The branch of tlie DOT wh.i ch iidrni.nis ters the
ina,jo«i Ly of'he Lr;insportaL'ion regula'tions concerned wi th

sil I e> Ly .i i> L lie Lr unspor Li< t. i on o f radioactive ind ot lier
hii; ar d<)lls l>later'.i;r:I.s is the OI'.f i«o o f Hazardous hlaterial s
OI><.ratio<is (whi el> is p;ir t <>f t he hiTI3). Throiigh a Memorandum

<> I'liidoi sL:indi rig l)«Lwe«r> DO'l'nd NIXC, rules and reguiaLions
<) I'.lie t.wo;igenc.i os ar e .I'r irr»ed te) be complementary and

i< v<).i il eiiipli cation.

1 n addi L i ori Lo Lhese regii 1 at ions, there 1 s an
Atn<='r i en>i i<lati on<i 1 SLiiiidards lrist i tute (ANSI ) Dra f t Guide
<>n the w;iter transportation of: irradiated nuclear fuel. (3-3)

0

Iri Lhe fol:lowing discussion, reference wi. Il be made to
Fe<lera] r egu'.I i.t.ions arid o<'.casional 1 y to the ANS1 Draf t
Gu i.de.

Al abama, Arizona, Arkans ts, Cal 1:f'orni a, Colorado, Fl.orida,
Georgi a",;Idaho, Kansas, Kentucky, Louisi ana, Maryland,
Mississippi, Nebraska, Nevada, New Hampshire, New Mexico,
New Y'ork, Nor th Carolina, Nortlr I>akota, Oregon, South
Carolina, Tennessee, Texas, and Washington.
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Discussion of the Four Requirements o:I Transporta-
tion

3.2.1 Containment

Requirements for Type l3 and 'Lar e
Quantity'ackage

standards are given i.n lOCFR71 subpart C, and acci.—
dent conditions are given in 10CFR71 Appendix B. The

corresponding DOT requirements appear i.n 49CFR173.393 a.nd

49CFR173.398 (c).

The package standards permit no signii'icant
chemical, galvanic or other reaci;i.nn between components or
components and contents. Packages will be equipped wi.th

positive closure tie-down devices capable ui wit.hstanding
a force 10 times the weight of the package in i.he direction
of vehicle motion, 2 times t.he package weight in the verti.—
cal direction and 5 times the package weight in the trans—
verse di rection. A tie-down must be designed such that its
iailure would not impair t;he abi.lity of the package to mei;t

other requirements. The package shall be capable of with-
standing five times its normal weight when supported hy the

('('j

ends as a simple beam. The package shall withstand an

extreme pressure of 25 psig,with no loss of contents.
/

Accidents must no t af fect the shielding such that
the dose rate 3 feet from the package exceeds 1000 mrem/ter.

In additi.on, they shall not result i.n releases, except for
gases and contaminated coolant, that exceed 0.01 Ci. Group I
radionuclides, 0.5 Ci Group II, 10 Ci Group III and IV and

* The Draft ANSI Guide (pg. 22) speci:i'ies 1..5 g loading( 3-3)
in any horizontal direction .for. ti.e-downs bet;ween pack-
age and hull structure.
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1.0 Ci inert gases (10CFR71 subpart C and Appendix C) .
Packages must remain subcritical under accident

conditions'he

test conditions which these criteria must satisfy
sequentially are: a 30 ft free drop onto an unyielding
surface, impacting in the manner that causes maximum damage;

40 inch free drop onto a vertically oriented steel probe
eight or more inches high and six, inches in diameter that
has a flat horizontal top and rounded edges with a radius of
curvature of 0.25 inch or less; a 30 minute, 1475 F fire
with emissi.vity 0.9, a package absorptivity of 0.8, and no

artificial cooling; and water immersion to a depth of 3

feet for )nore than 8 hours. Compliance. can be shown by

Lests or other. assessments on sample packages" or scale
mode.ls (.I0CFB71-34 (2) ) .

3 2. 2 l<.)d l ) ti on Sl) leldi)'lg

]>'CFRJ 73.393(i.) ).eq')ires Lhat the radiation level
cJ ) ) I)e su r face o f the package mus t no t exceed 200 mrem/hr

0» con Lac L»or have a '.l'I exceeding 10 ( 10 mrem/hr at 3 f t) . *

The specie led»orn)al dose ra'Les for shipment in exclusive
use vehicl.os 49CFR1.73.393 ( j ) are 1000 inrem/hr at 3 ft
from t))e exLornal surface of t'e package, 200 mrem/hr at any

point on the external surface of the car or vehicle (closed
tra»sport vehicle only), and 10 mrem/hr at any point 6

0ft from the vertical planes projected by the outer lateral
surface of the car or vehicle. If open transport is used,

n

the stipulation is 10 mrem/hr at any point 6 ft
from the vertical planes projected from the outer edge of
the vehi.cl.e.

* For fur Lher de Lail s see 49CFH173. 389 (i ) .
Ij

3 5
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Another spec'ification is that the dose-rate in any

normall.y,occupied point in the car or vehi.cie does not
'xceed 2 mrem/hr. For carrying radioactive material by

vessel, 49CFR176. 700(e) specifi.es that a person may not
remai.n unnecessarily i'~i a hol.d or compartmenL..i.n the i.mme-

diate vi.cinity of a package contai.ning radioactive material,
nor exceed a 7-day whole-body dose of.;,, 100 mrem nor more tha.n

500 mrem whole-body dose per year. The radi at;ion .level i.n
I) lI

an area continuously occupi.ed by people or animals musL,not;

exceed 0.5 mrem/hr. All speci.al instructions wit,h regard
to the shipment must be given to the person in charge of
the vessel, and the aggregate transportation index of any

group packages must not exceed 50 nor shall the TI for the
loaded vessel exceed 200.

3.2.3 Dissipation of Hea,t

49CFR173.393(c)(2) requi.res that Lhe maximum access.i.ble
package temperature be less t;han 1,22 F (ANSI . i.ndicates0 ( 3-3)

130 F) in the shade, I'ully loaded with s ti 11 a i r and ambien to

temperature (when in thermal equi.l.i.brium). Ii the package
is a sole use shipment, the maximum accessi.ble external
surface temperature must not exceed 180 F.0

3.2. 4 Cri ticali ty Con tro1.

l.OCFR171.33 requires that a package be desi.gned and

constructed, such that the most reactive contents it. could
carry would remain >.icbcritical under the most severe acci-
dent conditi.ons.



Packages used for shipping fissile materials are
di vided i nt<> Classes I, II and III . I"issile Class I places
no restrictions on the number of.'uch packages transported
on a vehicl.e. Fissile Class II limits the number of package.
that can be shipped, Fissile Class III requires special
arrangements between the shipper and carrier to provide
nuclear criticaiiLy safety.

49CFR1.72.310 and 49CFR173.403 define requirements
'J

I'or p }acard i ng and mar ki ng of radioactive packages being
shipped.

49CFRi 76 subpart M provides detailed requirements
I'<>< Lhe sLowage of radi oactive matei ial on vessels, Sub-
i>r» i. M consists of -'19CFR176.700 — geneial stowage require-
m(.n Ls <}9C1'll.l 76, 710 — care foll owi.ng leakage oi' ad ioact,i ve

«<;< t.< r I;< I s,:>nd '.I9CF15176, 7l 5 — (ontaminat.ion conti ol (nan<e1y

Li>< n I'I'(- ci.(.(I au<=a c;«>not be reused until the dose i ate from

(<c(.(.s:.-ii>le .'«i I';<c<= is i educed to less than 0.5 mrem/hr),

.I!>CI"I}I 76. 83 I> r( s(!n Ls Lh('o}>i(J '1 ti on > equ i ren>(in Ls

I'<'<>«> oLI>c > r;>d.i(>a<.t ive and hazar(ious ma teri a'Is. 'I'hese are
c<>mp I .icaL(id re(fui re>ment's and w i I 1 not be condense(l here.
Sin> i .I arly, -}9CFR176.99 pi'ov ides a table i ndicati ng the
Lypes ol I>;>l gos Ll>at. nlay c;\rl'y radioactive material.

'l(3(f'H l2. 40 de I'i i>es f reeboard requi i'en>ents for Type A

}3 v( ssel s ( wl> i('h in(<1u(I(~s I> (1 g( s) . Vesse I stabi 1 i ty
r(-q«.i i eii>enLs;<re presen Led in 'IGCFH93. 70-10. Rei.'erence

sliou.l d a 1 s(> l>e m;>de Lo Lhe Dra.l'.t ANSI Gu'i de pg. 1 8-21 .(3-3)
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4.0 RADIATION EXPOSURE FROM NORMAL OPERATIONS

Purpo e and Summary

The purpose of thiIs sect;ion is to calculate the
rad.i.ation'oses resulting from the normal acti.vities i.nvolved
in the shi.pment; of spent fuel by barge. These doses may be

received by t:ransport workers and the general public as a
consequence of barge movement and off-site transfer. The

results show:

».) Ht>di:>.tion doses received by rigging and barge
crews i.:>volved i.n intermodal cask transpor-
t;at:i.on are within the guidelines for non-

>.adi;>.tinn workers.

b) R>dlation doses t;o an individual member of
t;he p»b] ic are well within federal guidelines.
The ostimated dose to the population;>ion,".

-2
a l>arge route is 5.3 x 10 man-ren>/i eactor
yeal

IL

2
g

R;.>di;>Lion Exposure I;o Tz'>.nsport Workers

'l'he»»>jo~ contributing sources of. radiation doses
L'>> ope»;L ing personnel in a waterborne:spent fuel t;ransport
c n >»p » 1 g»'» 'e:

expos»res t;o t.he barge crew during wat;er-
borne t ransporta L'on



b) doses to tho work.i.»g crew, i.»c,l.ucling r.iggers,
drivers, rai.lro;id a»ct s(il'?erv.isory personnel.,
received duj inI; i»Lerrnod;il. I:r ansi er

1 t .is the responsibi I i'ty ot'he .I.i cerisee/sh ippor to assure
that, »o employee of the trnrnsfer <)rgari Isa.ti()n i <=(.eiv<:;s;<

dose th;it exceeds the duse 1 imi.t» set. I'<>r Lh in Llio r egu-
'I;i t i ons. These reg(rlations defi ne a maximuni exposure .I.'<)r

no(i-i adiation workers (see Chapter 3) ns:

a) 500 mrem per c;i.l.e»d;ir ye;ir
3 I 2 nlre<li pot'a I erl(l<l.r'1»n.i'ol'

} 100 mreni

rl. rat e 0
vessel 0
norma.l.:I y

I 0u r r i c".y

in any seven co»secuti.ve days
f exposure L'0 Lh() (''e'w (? I a tna r'i »e
I'I ess Lhil» 0. 5 Ini'enl/hr. i » <l.riy

jl
o(.'cup.l ('.cl l i v )»g sp<i <)o (I »1', ng

th(.'I.

'! . I Ita(ii aL ion Exposui e l)»r'ng,ii) L()i'tn()cl'l I I i"in»I <..r

I he llighes I. rci(iin L i on d<)s(.s I 0 p('i'so(ill(.'. I »vo I v(".CI

i » i » I eri»odal. sh ipment occ»r duri rig I »ansi'e) ol)er;i t ions. Tn

par t i cu1 «r, trans fers between barge a nd ra i. I by IIIIT r eciu i re
a sign.i f'icant amount of close-in work to reinove casks froin

the bar'ge ~especia].ly i.n cases where „r;i il car un i Ls are
a. sembl ed. The radi a ti on doses calcu 1 a ted I'or th i s process
al. o represent upper bound estimates of radiat.io» doses .f'r
L'he other tr i.nsl'er opera.tions.

'l. 2. I.. 1 Exposure 'I'imes .I'or 'I'r.'ans f'er Processes

I:ytimates of working f.imes neeciecl t(i compiete various
procedures i.n the loading/unloading process ccr e avail»ble from



actual contractor experience with intermodal transport of
(4 1)large react01 components . The times required for the

various procedures are listed .I.n Table 4.1 by occupati.on.
Exposure times t'or a loading crew utilizing floating bridge
access ure not listed, but they would be much less than

those gi.ven i.n the tab I e.j
4.2.1.2 Dose Rate Estimates I'or Trans fer Operations

The doie, rate estimat<~s at various points around a

cask val y with cask design and shielding thickness. The

greatest dose rate al:lowed at 6 ft. from the cask pallet is
10 mrem/h) . 'l'his rat;e is used to determine the source
s Ll e(lg'Lh (> f a "pin L'e Source" n I, 'I he cask pa] let surface
wh:I ch is t.hen used to es Lima!;e doses received by Lrnnsport
w()rk<. rs n lid Ill(unboI'8 0 f 'L'he pub I 1c . Si nce ther(. i s tleav

lel'h:i

el di ng;(L the ends of Lhe car frame and other iron
supt:><» I.s, t.h<: close 1 n L<:. I'( om Lha t area is ass()med I:.0 be

negl I g

lb

I�(>.
A set: <>I'h>so 1';(Les is calculated wi Lh only

oil«: .. (Slc <><) Lh(')'(rgo '(n<l a se'.()o<>ct set wi I;tl two casks on

L'hu barge- sepa('atecl b'y n distanc» of ten 1'eet. i)> dose
point, vet I..ical hetghL ol' .teet (1':oughly one-half .a worker 's
heigh t) i s usecl i.n Lhe calculat t.on.

* As a pl ate source t;he cask radiates i'or dose calcula-
t:Ion purposes as a rectangular plate (17.6 ft. long by
6 ! I: h i.gh). The dose 1 (te at coordinates (x, y, z )0 C) 0is g.l von by the .I n teg) a.l

8 ctxdy
lt 2 2,.2(x — x )'+(y — y ) +z0 0 0

wh I <..h I s >)un>u( .I cally:I n tegr ( ted over the plate sur I'ace
using a source strength equivalent to 10 mrem/hr a,t

. 6 ft I'rom the -surf'ace ( the maximu~m allowed (lose rate) .

59



t~ ~
Table 4.1. Radiation Exposure Times of Personnel Involved in

lntermodal Transfer of a Spent Fuel Casl- 'From Rail
to Barge Using Roll-oniRoll-off by HHT(4

IHIT I3sl'f I<<QJW,

Gpcrarior.

I

I 'xposure
Time For

Crev ( ~
'

(br i

I

Neat
(hr)

Ragger

Fa= <b)

(hr)

0 1ve

Near (a)

(hr )
Par

(b)

<hr1

Occupatton

Supervrsor

Sea= (a) (b)Far
(h ) (brl

u

Health Phrsicist

(.) (b)Nca. I Far
(hr,' Ihr)

I

1. Receive rai.lear (s) a tntermodal
transfer point

2. Check radiatton level and inspect.
cask

3. Check barge ballast. and lover
transition ramp

e. Assemble haulrng vehrcle and
ragging egutpment

5. Place jacks under carfrase
6. Jack carfrmse free from trucits

7. Remove trucks, place hauling
vehicle"under carframe

8. Jack cari tame onto hauling
vehicle and secure

0.6 3.'

I

I'

I

I

I

I

,(di

(c)

g. )save haultng vehicle onto barge

10. Jack carframe free of hauling
vehicle

ll. Remove haulrng vehicle fror:.
beneath carframe

12. Love carframe to barge deck

13. Remove )acks from under carframe

t I

I

0.5 3.5

ld. Secure carframe ro barge
deck (e) (el0.9 i 3.2

I

(a) assumed to be at a distance of 3 feet unless noted

(b) assusmd to be at a distance of 20 feet unless noted

(c) est'(mated upper bound

(c! at a dtstance

<d) at a d).stance

o( 6 feet ii
of 10 feet from iron of cask

(e1 at a distance of 8 feet



Table 4. 2a summarizes the dose rates sustained at
given distances during transfer. Table 4.2b givep does rates
at longer distances, showing the marked attenuation of the
dose rate. Table 4.3 summarizes the dose rate by occupation
using the assumptions of exposure time from Table 4.1.
Table 4.4 summarizes the total dose by occupation for a two-

cask transfer procedure.

4.2.1.3Discussion of Transler Dose Results

The radia.tion doses presented in Tables 4.2 and 4.3
are conservative. In practice, transfer worker doses would

be considerab:ly less since: a) casks do not necessarily con-
tain maximum activity fuel; b) additional shielding would

be used if a large amount of close-in work were required; and

c ) most transf'er operations are not as elaborate as the one
described.

Assuming one third of a PWR core was removed

every year, the number of'asks transferred would vary
between G and 10, depending on cask capacity. If a pair

oi'asksis loaded in two working days, the riggers would

re~eive their allowable weekly dose in two days. If ship-
ment of pairs of casks were .spaced at least a week apart,
a single crew might be used for an entire spent fuel. shipment

ll

campaign since their dose limit is 312 mrem per quarter. It
is likely that shipments will be spaced due to the long turn-
around times encountered in waterborne transportation (see
Section 7.0).



Table 4.2a. Dose Rates From a Full Cask Modeled as a Plate
Source for Relatively Short Distances(a b)

~erpendicular
Distaa« ~ Pron
Pl ~ ts .

Dose Rate Variation Vith Distance Proa One
Rnd of Plate (c)

(area/hr)

Deyond

Rdge of
Pl ~ '«e

Edge

of
~late

3 ft 6 ft Nidpoint of
Plate (.ength

Ass«aged
Dodge Ra'te

At A Perpen-
dicular Distance
Pros the Plate
(area/hr)

6.4 13.5 20.6 23.4 24.0 17.6

5.5

4.0

10.1
6.2

14.6

8.4

16.8 1').3

10.0

12.9

7.7

3.0 4. 2 5.4 6. 1 6.3 5.0

10 2.2 3.0 3.7 4.2 3. 4

12 1.7 2.2 2.6 2.6

1~ 1.3 1.9 2.1 2 1

16 1.0 1.2 1.5 1.3
18 0.8 0.9 1.0 1.0
20 0« 6 0.7 0.8 0.8

(a) Cask i ~ a dry «ask assuaed to be loaded uith 10 puA fuel ~ essa«lies

(b) Dose rates are for cask ~ t elevation of 3 feet

(c) Plate 8iaensions are 17.2 f t. long x 6 f t. htgh



Table 4.2b. Dose Rates From a Full Cask Modeled as
a Plate Source for Relatively Long
Distances

Perpendicular
Distance
From Plate (It)

Dose From Mid Point of Plate
Length (mrem/hr)

20
30
40
50
60
70
80
90

100

0. 872
0.224
0.0561
0.0125
0.0024 43.84 x 10

5 02 x 10 65.40 x 10
4.67 x 10



~ lEoT Mi'Y N,A Ural( ~
Table 4.3. Dose Estimates by Occupation for Personnel involved in

Intermodal Transfer of a Cask From Rail to Barge Using
Roll-on/Roll-off By HHT(a)

Dccupa t ion

Dperatton Ragger Drive. Health Physicist

Near Far
(mrna) (area)

Near
(area) (mrea) ) (nrem)

Far
(area)

Near'ar
(area) (area)

l. Receive railcar (s) at intereadal
transfer point

2. Check radiation level and inspect
cask

3 3.2 3.2 7.7 2.4

3. Check barge ballast and lowr
transitron rasp

Resemble haultng vehicle and
riggtng equipmenr. 3.2 3.2 3.2

5. Place jacks under carframe

6. Jack carfr~ free from trucks

7. Remwe trucks, place hauling
vehicle under carframe

10.'.7 3

8. Jrck carfraxn onto hauling
vehtcle and secure

'A'P9. Nova haultnq vehtcle onto bar@» 1.2
I

3.3 3.2 3

10. Jack carfraae free of hau)tng
veht cia

11. Reaove haultng vehtcle from
beneath carframe 8.. ! .3 3.2 3.2

12. Lover car!rome to barge deck

13. Remove Jacks from under'arframe

14. Secure carframe to barge deck 4G)n6
I

I

I
I

3.' 4.G

(a) Doses are !or exposure durtng transfer o! one cask and dc not nc)ude the effect of A second cask.
The effect of ~ second cask during transfer is estiaated by tncreastng the dose at far drstances by
a factor of 1,3 for operattons nwbered 1 through 8 rnvo,'v ng the fire cask and operattons numbered
9 tnrough 14 tnvolv ng the second cask.



Table 4.4. Radiation Dose by Occupation Accumulated
During Intermodal Transf r of Two Full Spent Fuel
Casks From Rail to Barge Using Roll-on/Roll-off b~
HHT

Occupation Dose
(mrem)

% of Weekly
( )

% of Quarterly
)

% of Yearly
Allowable Dose Allowable Dose Allowable Dose( ) - (b) (c)

Rigger (d)

Driver(

86.9

59.5

86. 9

59.5

30.0

19.8

17.4

11.9

Supervisor!
(d)

I

!! Health

I

'hysicist

42. 8

50.0

42. 8

50.0

14.3

3.8

8.6

1.0

(a) 100 mrem,per week for non-radiation or radiation worker.
(b) 312 mrem per quarter for non-radiation worker, 1250 mrem for radiation worker.
(c) 500 mrem per year for non-radiation worker, 5000 mrem per year for radiation worker.
(d) Aon-radiation worker classification.
(e) Radiation worker classification.



If the barge journey is short for an intermodal

journey, the same crew could be used to unload the casks at
the transfer point. If the amount of time required to unl.oad

the casks is about the same as for loading, doses to the

rigging crew wi.ll double.

The use of a more automated way of loading the barge,
such as the .floati.ng bri.dge, wou]d elimin a.t.e lhe j i.ck.ing

operation which would reduce the maximum daily dose to
transfer crews by 70'$. A similar reduction would result
from using a gooseneck HHT for loading.

The dose estimates calculated above can be assumed

to r epresent a bounding case for doses recei.ved duri ng a

normal turnaround operation, excludi.ng the exposure the
truck driver received during transport of a loaded cask from

the utility site to the barge.

4.2.2 Dose to Boat Crews During the Journey

The tug boat crew will be about 10 to 60 ft from

the nearest cask during the conveyance porti.on oi'he trip.
Usi.ng the dose rates calculated in Table 4.2a and a'ssuming

ian average barge journey of 1300 miles at 4 mph , the
total dose 'to each crew member would be approximately 4.1
m',em per one way trip. The maximum total dose to each crew

member would then be 49 mrem per year.

* See Section 1, Table 1.5 for average barge journey lengths.
j Actual carrier experience (Section 7.0) indicates that

barge speeds of 7 miles per hour are more likely, but
the low estimate of speed based on WASH-1238(<-2) is
.used for dosage conservatism. For,a —;=;pent fuel reactor

. campaign from one reactor requiring"3:5 barge trips per
year, the maximum dosage received would be 20 mrem/year/worker.
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Dose to the Public

The method used to calculate total dose to the public
from a barge carrying spent fuel is the same as that used in
WASH-1238. Table 4.5 (from Reference 1-2) gives the(4-2)

dosage an individual will receive as a. function of distance
i'rom the shipping route. Using Table 4.5 the maximum indi-
vidual dose incurred at a distance of 100 ft from the barge
is 1.9 x 10 mrem/R-yr which is a factor of 4 x 10 time

—3 -6

the al.lowable .I.'ederal guidel ine as quoted in 10CFR20.105.

In WASH-1238 it was assumed that there are approxi-
~,'; ..'i

ma tel y 165'.:<people per route mi le uniformly distribu ted
'Between 100 ft ..nd 2600 f t . oii each side of the route .

Assuming that 1/26th oi'he 165 people are grouped at 100 f t.
intervals on each side oi the route, the total man-rem dose per

-6
barge mi le on one side of the route is 9.0 x 10 man-rem/mile,

-5or a total of 1.8 x 10 n>an —rem/mile for each cask shipped.
An average waterborne, journey is 1300 miles in length, 2

casks are carried per barge; 3.25 .journeys per year are
requiz ed to ren>ove a reactoz 's spent; fuel. WASH-1238 also
assumes that no persons reside within half a mile on either
side of 2/3 uf the average barge route; therefore, t;he cumu —,

lative dose (D) per reactor year oi'peration: is;

D 1 8 I 0
—5 lllan-r em (]3QQ

barge-mi ) /2 cask trips )
i.nhab. -barge-mi ( cask trip J( barge trip/

:l. inhab.-barge-mi
3 : barge-mi 3 25 barge trips

R-yr

—2 man-rem
R-yr

3'' ~



Table 4 5. Dosage to Individuals P.'r Barge Trip as a
Function of Distance From the Centerline o:f
a Shipping Route (4-2)

Di.stance From Center]ine
of Shipping Route

(ft)
100
200
300
400
500
700
900

1.000
1300
1500
1700
2000
2300
2600

Indivi.dual Dose at
Given Distance

(mrem)/Barge Trip

5.8 x 10
2.5 x 10
1..5 x 10
1.0 x'0
7.1 x 10
4.0 x 10

—5

2.5 x 10
2.,0 x .10

1.1 x 10
7.8 x 10
5.5 2< 10
3.4 x 10-6

2.1 x 10
—6

1.3 x 10-6

Note: Doses at some intermediate distances have been
omitted to shorten the table.
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5.0 ACCIDENT PROBABILITY ANALYSIS

5.l Purpose and Summary

This section presents an analysis of the frequency of
postulated a«cldental. radioactive releases during intermodal
transport ot'pent fuel, and includes the following:

a) descript.ions of all me<.hanisms by which radio-
activiLy can be released during an accident
involvi'ng dry and wet spenL fuel casks

b) esLimates of the I.'requen«y of radioactive
release events i.nvolvi.ng dry and wet casks
based on construction and evaluat.ion <>f t'n»lt
trees

comp«rison of esLimat,ed radioactive rele>.s<-..

ucci.dent frequencies for spent fuel transporL
by intermodal means to the estimated fr equen-
«i es for tt anspor t by rai 1

The <.st;imated frequency of occurrence of any r adio-
active release during intermudal t.ransport of spent f'uel in

a dry cask was found t.o be less than once per 800,000
reactor years of operation. The frequency of severe release
accidents was estimated to be less than once per 2:i,000,000
reactor years of operation.



The probability of a release occurring during the

waterborne portion of an intermodal trip was estimated to be

approximately 5%%d of the total probability of release per trip.
This small fraction results from the reduced frequency of

high impact energy accidents a.nd a significantly reduced

irequency of fires and explosions.

It is estimated that the difference between the pro-

bability oi a release accident with extensive use of intermodal

transport in the U.S. (40~~a oi'll tuel shipped) and the same

probability with minima] use of this form of transport (5;o

of all fuel shipped, i.e., essentially transport by rail only)

is less than a factor of two. The results of this analysis

show that this is well within the uncertain(,ies in the input

probabiliLies; therei'ore, the use of intermodal transport
does not appear to significantly affect the overall likelihood

of radioactive releases during spent fuel transport.

5.2 Descriptions of Dry and Wet Cask Designs

5.2.1 NLI 10/24 Dry Cask

The National Lead Industries NLI 10/24 rail trans-
ported spent fuel shipping cask is designed for zero( 5-1)

release under both normal and accident conditions as defined

by IOCFR71 Appendix A and B. The cask weighs approximately
52.2 x 10 lbs when filled with 10 PWR fuel assembles. The

fuel is shipped "dry" in a helium atmosphere with no need

for pressure relief to the atmosphere, No forced convection
cooling is required, but water cooling is used to provide
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|ower I'uel tempera tures and reduce cooldown time at the
receiving facility. Neutron shielding is provided by a. 9-
inch water j acket. Table 5.1 briefly summarizes some of the
cask characteristics and 1'igure 5.1 shows a three dimensional
view of the cask assembly. Figure 5.2 is a two-dimensional
section drawing of the cask.

Fuel is transported in the inner cavity which is
supported by a shipping basket constructed of Ag-In-Cd

alloy plate (shown as "aluminum fuel basket" in Figure 5.2)
to prevent a criticality if fresh fuel were put in the cask
by accident, and the cask filled with pure water.

The inner cavity is a, cylinder with 3/4 inch sta,in-
]ess steel wa]ls which is filled with helium at approximately
atmospheri c pressure after loading. If a, cask were loaded
with BWH l'uel having,,a fill pressure of 200 psi and all the
fue] rods failed, the cavity pressure would rise to 80,5 psi.
Inunerslon ol'he cask in a 1475 F fire of 30 minute duration0

as prescribed in 10CFR71 would raise the pressure to 104.5
psig. No pressure e relief's needed or supplied to relieve
cavity pressures inasmuch as the containment vessel can with-
stand more than 200 psig internal pressure.

Immediately outside of the inner cylinder are 20 axial
cooling channels which are 0.3 square inch in cross sectiona.l
area. These channels are grouped into two independent systems
of 10 channels each which are water filled and connected to
independent diesel —powered cooling systems. Backup power
is supplied by the rail carriage or by the barge electrical
supply system during the course of the intermodal journey.
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Table 5.1. Characteristics of the NLI 101/24 Dry Cask (5-1)

Characi,wrist.lc

Fuel Dal,a ( 1 assembly)
~nvelope
Enrichment

Avg. burnup

Avg. specific power

Weight of uranium

Decay heat

PWB fuel

(In) 8,60
(w/o U-235)

(tIWD/IITU)

(Kw/Kg)

(Kg)
(Kw)

sq, x 171.5
3.35
35,500

15A

9.72

UWB Fuel

5.ql sq. x 176.25
2.05

29,700
25

I 07

J.7

Total Weight of Urnullm1
(full cask load)
Total Decay Beat (full
cask lond)

(Kg)

(Kw)

4, 510 A.728

70

Cask Capacity
Cask Wulghl. (loaded)

( nss('IIIII I I us )

( lhs)
]0

18,000
21

2!S,I)00

Cask Dul.u

Cavity dimensions

Envelope
Weight. (empty)
liax. normal operating
pressures'avity

Water Jackei.
Wax. design pressure
Cavity
Water Jacket.

( In)
(In)

(lbs)

(psl y )

(psig)

(pslg)
(psig)

15.0 din x 179. I

88,0 dia x 201.5
200,000

80.5
JOO

200 (nppl'ux,)
3S5

impact limiters
The maximum normal operating pressures listed here

, are based on operation without auxiliary cooling
and total fission gas release.
The water jacket relief valve is set for 320 psig.
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LIFTt&i TRJ

fLKL SAUCER

IILET VALVE

IIOWER

CLOSURE
HEAD

OUTERCLOSURE
HEAD

(5-1)
1'lgUle 5.J. Nfl 10/2g Dry Cask Assembly
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The active cooling is not a prerequisite to licensing; it
is used to. keep the cask cool in <>rder to reduce cooling

times required for loading and unloading. Table 5.2 lists
Lemperatures of various portions of the cask for situations
involving loss oi one or both of the auxiliary cooling

systems.

The inner cylinder and its cooling channels are

surrounded by a 6-inch thick lead gamma-ray shield. This

lead shield is, in turn, surrounded by a 2-inch thick stain-
less steel cylinder which forms the inner wall of a 9-inch

thick water jacket, i,e., Lhe neutron shield. The outer wall

of this neutron shield is a 3/4-"inch thick stainless steel
jacket. Expansion tanks are provided to maintain a solid
water shield. Onder maximum normal operating temperatures,

Lhe water jacket operating p>essuI e is 300 psig. The water
" .jacket is designed to withstand a pg essure of 345 psig and

the pressure relief valve is set at 320 psig.

Tab.le 5.2. NLl 10/24 Dry Cask Temperature Data, for
a Maximum Heat Load with Partial or
Total I oss of Auxiliary Cooling(5-1 )

Ii(>ca L > (>n

I <>ss of
I C'i><> I i ng

lioo p

floss 0 I

2 Cooling
Loops

OuLer Surfnce
InneI Shell
Aluminum l3asket (niax.)
Fhel Assembly (avg.)

227 F
268oF
451oF
690oF

407 F
541oF
757 F

899 F

Maximum heat load is 97.2 kW for a full load of
PWR fuel. The cask is currently licensed for 70 kW

full load heat output.
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The ends oi the cask are closed by inner and outer

clnsure .heads. A penetration through the head end of the

cask body connects the cask exterior to the space between the

inner and outer closure heads. This penetration is used to
drain the space between these closure heads when the cask is
removed from the spent fuel storage pool. The penetration is
also used for pressure testing the secondary containment

system prior to shipment of the loaded cask.

The cask cavity closure head (inner closure head) is
a stainless steel forging with a center section filled with

depleted uranium and covered by a stainless steel plate
welded to the forging. The bulk of the required gamma.

shielding is contained in the inner closure head to provide

protection for the operator during handling operations. The

closure head is held in place by sixteen I 3/1-inch high-

strength studs, and the inner head seal is a metallic ring.
The studs and the ri.ng can easily withstand the temperatures

expected as a result'of the hypothetical fire accident.

The cask body closure head (outer closure head) is a

2-inch thick flat stainless steel plate which i.s held in

place by twenty-eight 1 1/ 8-inch high —strength studs. There

are no penetrations through the outer closure head itself
since the single necessary service penetration is made

through the cask body, as described above.

5.2.2 IF 300 Wet Cask

The General Electric IF 300 irradiated fuel shipping
cask, like the NLI 10/24 cask, is designed to be transported

by rail car and can be used for most types of light water reactor

5-8
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.fuels. The fuel is enclosed in a water-filled cavity; hence
the designation "wet" cask. I,ike the NI I 10/24, the IF 300
cask is designed to be zero-release under all normal and most

accident conditions in accordance with NRC and DOT regula-
tions; however., the IF 300 is not designed for zero release
under the hypothetical accident conditions of lOCFRV1,

Appendix B. Nevertheless, releases produced under these
conditions do not exceed the allowable releases under present
NRC and DOT regulations.

I"uel loads whi.ch can be contained in the IF 300
iire shown in Table 5.3. A section view of the cask and skid
assernbl.y is shown in Figure 5.3. Cask weight when loaded is
between 135,000 l.b. and l40,000 lb. depending on the particular
type of fuel beiiig shipped. Weight of the skid assembly is
approximate.ly 45,000 lbs.

'i'he IF 300 cask body is a. uranium shielded stainless
steei clad annular cylindei closed at oiie end. Fuel |s
loaded through the top end, and closure is accomplished using
a bolted and sealed head. The head shielding is similar to
the cask body. Al:-I external. arid internal surfaces of'he
cask, including the inner and outer shells, side fins, flanges
end fins and tiead seal, are stainless steel.

Dur:ing normal oper ation, the water-iil.led inner
cavity wi li be at approximately 55 psig pressure. Heat
transmission from the fuel to the cavity walls is accomp-
lished by natural circulation of'he water.

~ This cask is also l.icensed to be shipped air filled but
at a lower heat output.
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Table 5. 3. Characteristics of tl)e GH Il" 300 Wet Cask
'k( 5-2)

Charact.eristic PWU Puo! UWII Yue I

Euul Dut u ( l ass<'nd) Iy )

Envelope
Enr l chmen t
Avg. burnup

Avg. spectflc power

Weight of uranium

Decay host

( in)
(w/o U-285)

(IIWD/NTU)

(Kw/Kg)

(Kg)
(Kw)

8. 75 u<i. x In<9. 5

1.0
85,000
10

457

11.0

5, 75 s<1. x 180.25
/>/ ) SI

85<,000

UO

Toiu I Weight. of Urunium
( fu I l cask load)
Tot.al Decay Host
(full cask load)

(Kg)

(Kw)

I I 99 J50'I

82

Cask Capacity
Cask Weight (L(oudod)

Skid Weight

Totul Shipping Package Weigh

( u(<seIul) I I u'
( 1 ha )

( 1(>s )

( lbs)

i;15,0OO
-45,000

-180,000

IH

I<0,000
- 15,000
185,000

Cask Dat.u

Cavity dimensions
Envelope

Weight (empty)
Mux. normal operating pressures
Cavity
Water Jacket,

Mux. design pressure
Cavity
Water Jacket

( In)
(In)

(lbs)

(pslg)
(ps lg)

(ps Ig)
(psig)

'117, 5

8'I <x 2() L

125,OOO

200
50

'I 00
200

8 I x 209
18(),0()(i

o

L

Updated by R. Jones of General Electri c Co., San Jose, Cali t.".,
3-15-78.
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Figure 5. 3, Wet Cask Side View — Showing'ask pooling
System, Skid and Mounting Cradle ~'



Normal cooling is accomplished by an external forced-
air-jet .impingement system, but this system is not recluirec!
to maintain cask integri'ty or prevent venting. Over —pressure
protection for 'the cask cavity is provided by a high-
temperature pressure relief valve. D.i.schar ge pressure for
these valves is 375 psig, and the valves are set for a steam
or gas blowdown reset pressure o.l.' 5%, i.e., the valves will
reseat at a pressure > 356 psig. Cavity pressures and repre-
sentative temperatures are given in Table 5.4. This
relief valve is mounted w| Lh:in Lhe upper o.l.'wo valve, boxes
located on the cask exterior (see Figure 5, ia) and each of
these boxes also contains a. nuclear service valve for filling,
draining, and sampling the cask cavity. Each vent/fill/drain
valve has quick disconnect f.'i ttings. Each valve handle is
lockwired during transit to prevent:loosening,

Table 5.4. GE IF 300 Wet Cask Temperature Data'

Location
Loss of

Normal Mechanical
Cooling

Neutron shield surface
(max) 235~F 350oF

389oFCavity water 296oF

a Heat load is 210,000 Btu/hr =- 61.5 Kw

b Ambient temperature = 130 F (still air)
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Va lve hoses (Nn» (Alevin()

0 ~~,O>O +O
1

(tank Cnvi (y

Nuu(.ron 8hield (uiitpr)

t»pend: Ql davxty sere(ee valve
Ql Cav(ty pressure relief

valve (set 8 373 ps(0)
Q3 Neutron shield service

valve
Qa Neutron shield pressure

relief valve (set 0
200 psxv)

Figure 5.4;).. Wet. Caslc Schematic Drying

p» 3l7
Stee(

Figure 5.'Jb. Wet Cask. Cross Sec Lion
n)
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The neutron water shield is partitioned to form two

functioning separate compartments each protected I'rom over-
pressure by a 200 psig relief valve and servi.ced by a fill
and drain valve. The two sets n:i'ervice and relief valves
are located in separate vaive boxes — not Lhe some as those
used for the cask cavity valves.

The depleted uran.ium shielding surrounds the inner
cav:I.Ly and is shrink-i'iLLed, providing shielding against
gamma. radi.ation (Figure 5.4b). The uranium shield consists
o f 8 to 30 annular castings, each wiLh a :37.5-.i.nch ID and a

4-inch thick wall. Bottom encl shIeldi.ng uses u .'3.,75-inch
thick uranium casti.ng. The cast outel shelI is n

stainless steel cylinder with a 46-'nch II) and a 1—', inch
thick wall. This outer shell is shrink-litLod to the uranIum
castings, thus forming a composite or laminated vessel.

The cylindricaI portion ol.'he cask is encircled by
thin-walled, corrugated, stainless steel water jacket.

This jacket exLends axially from the upper valve box Lo

poin L slightly above the cask bottom, thus masking the
active fuel zone. The water contained in this structure
functions as a neutron shield. The jacket suriace is
corrugated for heat transfer purposes.

There are lour large valve boxes on the exterior
oi'he

cask body as previously described: two for the corrugated
water jacket, and two for the cask cavity. A large amount
of i,mpact protection and fire protection is afforded to the
cavity pressure relief fill-valvi.ng: each valve box is
protected from impact by a lq-inch thick stainless steel
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structural ri.ngs, a heavy lid, large side castings, and

numerous small fins. Several structural members are also
used to support the water jacket sections.

The IF 300 caslc can be equipped with either of iwo

di.fferent heads — one for use with PWR tuel loads and one for
use with 13WR fuel loads. Shielding in the heads consists of
3 inches of depl.eted uranium. The outer shell and flange is
a single piece machined «astJ.ng of stai.nless steel.

circular staJ.nless s'tee.l plate is wel.ded in place i.o
Lcirm the inner liner and the head cover. Each heac". has
radially moun'ted fins designecl to offer impact protection to
the cask ancl contents. The f Jns are staJnless steel
and are we'.Ided in pl««e The caslc body and head are joined
usi.ng sL'uds in t,he body L'Iange. Cask sealing is accomplished
usi.ng a Gray loc <<iet<rllic gaslceL.

5.3 Fa«.J. L 'J'< e«hnaJ ys J.s

5.3.J Backgrou»d

As;< preJ.:i«<J n'<ry I o Lhis anaJysis, the J aul t tree
analysis oI' dry cask, by Fullwood eL al., and the J'ault(5—3)

tree anaJysi.s of' w< t:,',««sk by Hodge and Jar<ett were

revi.ewed I'or upplicabi:lity.

FulJwooci's fault tree ana)ysis concenLrated on I.he

air release pathway <nd considered only the NLI 10/24 dry
cask. Since dry casks have no pressure relief syster«, all
accidental releases postu'.I.ated to occur recIuired violation
of'he <.'.ontai.nment boundary.
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In keeping with the philosophy of WASII-1 100,
failure was deiined as an accident resulting in a radioa.ctive
release. Four postulated radioactive hazards were defined:

a.) failure of the outer containment boundary

and loss of neutron shiel.d.ing

b) failure oi'he outer and .inner containment
boundaries with no rod 1'a,ilures beyond those
assumed to occur during reactor operation (<I",n)

c) failure oi'he outer and inne> containment
boundar ies an d meehan ical frac ture o f a.

significani; amount of fuel rods cladding (=.50';~)

wi thin the containment

d) failure oi'he outer nnd inner containment
boundaries and cia.dding dam age within the
cask with post .failure overheating of the
tuel

Categories (b), (c) and (d) represent air releases of increasing
severity, (minor, severe and very severe, respectively) while

category (a.) may be a hazard to emergency response crews.

Hodge and Jarrett utilize a generic fault tree(5-4)

to define the gener'al event of an air release to the atmos-
phere from a wet cask, The causal events used are environ-
mental and functional. "-'In their evaluation o:f the fa.ul.t tree,
three sets of input probab'ilities were used to genera.te
three potential levels of consequences.
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llodge and Jarret L di.d not distinguish a category of
r<=leuse involving only loss oi'eu'tron shielding; hence,
Lheir. analysis is not strictly comparable to Fullwood's.
Ilodge u»d JurreLt did note that the weL'ask,has a failure

(i

mode LhaL does not require f.;rilure oi'he corrtainment borsn-
j)

dary, i.e., u r.ele;rse du> ing extended heatinj» due to opera-
ti.on. ol'he pressure rel i el'ui ves.

5.3.2 Ivui I rr) e Cri.Leri u.

A fuu1 L tree <mr>1ysis «i'<)Lh the wet and dry casks
/

was peri'ormed rrsi ng Lhe same generi.c rudioactive release
categories us«d irr IIeference 5-3, excluding category l which

Fu] lwood eL al.. sh<)w<: d to be u mi.rror hazard.

'I'<vo Ly pcs of p«s L rr I u L'ed releases are modeled in this
r epor L: Lhose reqrriri»g iai lure ol'he containment boundary
of Lhe < rsk, und th<>se not r equ i ring fai 1 ure oi'he contain-

I'en

L b<>undury. I'a ilur«oi the containment boundary is del'i.ned

'rs Lhe penetraLion o:I.'ll boundaries between 'the cask inter-
io) and the ouLside. The penei.r ation may be small, consisting
of u. seu'I f ri lur e or u crack fu i lu) e of the end cap, or large,
cor>sis't i ng <) I'unctrrre of the cask b<>dy or cap.

l)eneLr «Lion of Lhe c:rsk body n>ust be considered u

1 ow probubi 1 i. Ly event by c<)rnpar i so<< to other i'ai lures, s i nce
;r'I I cask designs must rneeL "stri.ngenL federal 1icensing
) equirerr><..nts f<>r imp;rct nnd puncLu) e resistunce. Furthermore,

previous sL<rdy by Shapper eL;>1. " suggests thu.t penetra.—(5-5)

ti on o t.'he «u Ler and i nner <'ask 'can L'a:i.nment boundaries
,, duri ng Lhe wn Lerb«rn<.. port i or> el'h<.,jorrrney is extremely

d.i f.'.fi <)u I t be«;rrrse ol'he re.l. >.L.I ve.ly slow speeds u.t



which barge collisions occur, However, extra.pola.tion of,,
(5-3)Fullwood's ballistic penetration analysis indicates that;

the kinetic energy necessary to produce cask damage can be;;

present in extreme situations due to the large masses oi f;he

vehicles involved. Therefore though shown Lo be unlikely (in
il

Appendix 13) peneLrat ion of t l>o cask by moving stubs consisting
of dense portions of another vessel is poslulated, as is pene-
tration by missi les resul ting f'rom fires and explosions.

Radioactive re lenses noi; requiring failure
of.'lano'ontainment

bnundary are identified only f'r t: he wot
cask.'uch

rel.eases can be produced during extended exposure Lo a

thermal environment by operation nf the pressuro relief valve,
since the vapor given of'f'i 11 con Lain a } gases released
irom failed fuel and b) poss.ibly some dissolved radioactive
material from failed rocfs. The requiremefi't 'for pressure
relief implies that f ailure of the pressure rel ief valving
could result in leakage through the conta,inment boundary if
the valving fails open, or in a. potential seal ruptu> e if
the valving fails closed and the ca.sk is heated .;-'The second
event could also occur with a dry cask" if the interinr of
the cask were not dryed according to procedures and the cask
were involved in a fire.

No mechanism by which releases to the liquid pathway

can occur without violation oi the outer a.nd inner conta.in-
ment boundary is postulated for either the wet or the dry
cask. The effect of heating fuel in a failed cask prior to
immersion would enhance the amount oi radioactive materia.l

g]
dissolved. Thermal effects of this type are not treated in
this study because they are not considered a significant
effect.

* footnotes on recent, impact test;s
t See Fullwood et al< ' Append)ix C "Thermal Analysis"



5.3.3 Fault Logic for the Dry Cask

The .l.'ailure event I'or release from a dry cask is
shown in 1'tgures 5.5 - 5.7. Releases may be to the air (RDA)

or Lo t,he water (RDL). The three air release categories
sl')own ()ol respol'ld L'0 ca. L'ego ri es (b), ( c ) and ( d ) in Section
5 3 l

RDA l . i.uss ol conLainme»t. boundary integr i ty, but
no rod 1'ai lures ))eyoncl those assumed to occur
dt)ring reactor opera,Lioii ( 1';".)

RDA ) . l.,oss 0 f col) L al an)en L'oundary i )1 tegri Ly wi th

s:igni I.'i <»l)1L'ilecllalil <)a I rllp Ll)re (~ 50%) c)i

J'uel cladding wi thin Lhe contain<nent

Rl)A3, l.,oss <it c<»1 La.i )nnen i, b<)lltldary J n Legri t;y, sign i-
fic;inL nie<:hani cal fai1)ire oi'. f»el cl addings
w) tli:l.n the conLa.inmenL wiLh p<)st accident
ovel'-hea L.'I )1g o.l. (lie fa). iud rods ) li a, sus tali)(.'<l

t.lieln)al elivi ) olinlell

L''.i

g») es 5.6 at)<I 5. 7 respect J vely descri t)() Lhe se(lu(»)()e

of even Ls .l cadi ng Lo ini nor and n)a;jo)'oss of dry cask cun tain—
ment boundai.y in Legri Ly. A n<i n<)r breach can i n vol ve cracking
of i.he end cap or fai]ure oI both closure se<a]s. A major
breach involves l>enetratiun of th<: ctsk body by n<issiles or
st.ub- or catast) opliic failure ot the end cap.

"I

I,J.<i»id r'e.lease (R!)L) is pos Luxated Lu occur i L'he
cask is i)nn)e) seel afLer vio1atio» of the contai»nient boundary
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takes place. Two release classes are considered:

RD1,1.. A minor breach oi'ask containment integrity,
such Lh rL Lhe major release-producing'echa-
nism is di I'.I',usion,or pressure I'orced exit oI
co».Lami«aLed li<luid.

11l)1.2. A major breach oi'ask containment boundaxy

i.r<tegr:i.Ly, su«h tha.L i.'lushing ol'he ca.sk by

water occurs sevexal times daily,

5. 3. '1 I a»l L Lug i c 'L'ur the W((L Cask

I,I

ge»ex;<.I., Lhe rele;.<se pathways descri.bed l.'er the
weL cask:i» i.his sec tio» are similar Lo those described for
Lhe d< y <»<sk .i » S(!cLie» 5.3.J. The I <ul L logic J'or

<< i r r<: 1 e;<. e p;< Lhw;<ys .I'or Lhe wet cask is shown i.n Figures 5, 8

;:<»<I 5.!). Th(:.;<.I < i e l<»<se p'<thivays resu1.L.ing .1'rom violation
(( I L ho»» I.or u» d i n»e r. con t;< i <<men t boundary ( 1'0!IAl, lZWA2 and

IIIYA3 .i » I'i gu<'e 5.8) ar e i der<I ica.l. I,o I.hose described .Ior the
d< y (.ask. In <dd.i. t i.o», nn ai.r re.l ease category cox responding
to '<» ac(. i LI('»L i nvo'.I.v'i ng bui 1:i »g and px'essure release of.

cou.l 0» t ( HWA/I ) i s i i<«1»cl(.!d i rl the logic.
/(

I ~

Fig»< e 5.9 sh >ws Lhe "!/ailure lo„ic i(or a minor breach
(>I w( I. c<sk .ini(grity. 'I'he n<<jor difference from the dxy

c<<sk 1(<I", i ('~ shuw» i n 1('i g»<.e 5.6:is Lhc; iriclusi on oi'ressux e
<'e I i.e I'';.<. i. I u (. e .i » a Lire r (n'<..I (. nv i run<non t as a (.ause of. closure
sen.l .I';<.i 1 »< (:.. A eecund ci:i III.'o< ence is tha,t the wet cask

'I'hu (:(>»se(i»e»ce a».<.lysis in 8('.cL.io» 6 cunsidexs only the
r e.'le;<se res»1 ti ng( .I(ro<n L<nme<.sion oi' dry cask wi. Lh a.
N»1 or b <'O'I< ch 0 i.',ron ta i nrnerl t ( eel»i v'l..l en L Lo RDI 2 ) .

(( ')
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cask requires only a sing]e c.losure seal failure Cor loss of
integrity. The logic for n. major breach ol'eL «ask integrity
.is the same as shown in Figure 5.7 fo> i.he clry cask.

Da L a Soul ces

Failure frequenci es for componen ts o C the fault trees
n re Laken .Crom a variety of sourc:es. Prequenci.es of acci-
dent occurrence involving barge transport were taken Crom

mnrine accident; .Ciles of Lhe Coast Guard Data Pi le. The
procedure for extracting dntn. from Const Gunrd Reports is
described in Appendix B nnd by Erdmann et n.l. The(5-6)
historical frequency of i.ncidents involving significn.nt
impacts, explosions, or sustn,ined thermal environments wns

norma] i zed 'to n per. bal ge mi 1 e bnsi.s (1/b-mi ) by u Li 1 izing
Army Corps of.'ngineers estimaLes of';he Lot.nl barge mileage
f'r dock bnrges 1ilce those Lo be used it] spen L fuel trnns-
porL.

Si nce lullwood's annlysis cles«ribed failures of(5-3)
I.he dry cask, many failure probabi.li.ties were extracted
from Pu]1 wood's references. Appendix 8 discusses the deri-

vationn

o:f conditional probnbi.liti es of cnsk penetration from
existi.ng missile and stub penetrati.on clata. These datn.
were used by Fullwood to obtain si.milar esLimates of pene-
Lrati on probabil:iti es for a rail accident. Conditional
probabi.l:i.ties of penetration were assumed to be similar for
Lhe dry n.nd wet casks.

Other sources of fnij ure raLe da.tn, on equipment
i nc1 ucle: WASH-1400, for es'timates of equi pmen t; nnd human failure

(5-7)rates; Harris and Fullwood , for estimates of fatigue failure

5—26



rates; and previous documents on the risk of spent i'uel
(5-5)transporL, such as ShapperL et al.

Component lailure probabilities used in the eva.lua-

tion oi iiir and liquid rel.ease probabilities for both dry and

wet cask designs are su<nmarized in Table 5.5. The values
for each component are discussed below.

I<11. PeneLraLion of Cask Boundary by Detonation-
Produced hlissi les

A<.« i.den Ls LhaL resul t i n 1arge, damaging f ires and

explosioiis;ind that iiivo.l ve barges of the t.ype used

Lo Lransporl.'l>en L fuel ( fl it deck cargo type) a.re
-9

esLin>nted Lo occiir:it a rate oi 1.7 x 10 to
L) (5—S)5.] x 10 '<.i barge ii>i.le (b-mi). Napadensky et al.

ilssessed Lhe «ondi Lional probabi li ty of pi oducing a.

1;irge inissi1o I ii ii d<=ton:<tl on accidenL as being less
Lli;in I'$ p«i a<:ci <lent. )'ron> Al>pendix 8, the probiibi-
.I I fy ol'iss:i.:I«. peneL>"i Lion, given missiles are pro—

-5
diiced, is approxi<nately 3.4 x 10 /accident. A

s;ileLy factor of 10 was used in consideration of the
I'act Lliiit missiles prodiiced by explosions move at a

higher veloc.ity thiin those produced by collision
on 1 y . Tlie total

pr<>bah

i

1�.i.
ty of an M1 occur rence
-15 -14

I s:I n Lhe range oi'. S x 10 to 1.7 x 10 /b-n>1

Th i s i s <'ils i 8 L etl L w i 'Lll l1<' E'l'oi> <'e 5-3 1 ll wh1 cll L'll<.'i'D—
babi I I'ty of <nissile penetration:from train wreck-pro-
duced missi les was assessed as 2. 3 x 10 5 Lo I . 3 x 1.0 /
Rc ci d<~>1 t .
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a Used in Dry

ISf Nl')'fl(.'dj.l
and Wet Cask Fault TTF I Assessment

Failure
Event

Event
Descript.iat:

Failure Rate Range Per
Nile of Barge Travel

(1/b-mi)

Failure Rate
(I/b-Lii

Reference
ot Cal-
culation
source

Failure
Event

Event
Description

Failure Rate Range Failure )tate
Per Nile of Barge

('./b-mil'ravel

(I/b-mi)

Reference or
Calcu)st tutt
Source

Nl Penettation of
cask boundary by
detonation pro-
duced missile

penetration of
cask botmtdary
~Isai)e produced
during collision
ar r~ing

1.2xln -2.1xln

Pcnetratian of
cas)t boundary
by tornado
produced missile

5.Bxlo 1.7 x 10
-15 1.1 x 10

I.6xln

2.0xln

App.B
5-8

App.B

5 I

PRV I

PRV2

TFI

Unavailability
af pressure
relief during
accident
(failure closed)

Failure af prcs-
sure relief by
impact

Failure to test
closure seal
inrcgrity prior
to journey

3.5xlo [I/d)
-3.5xln (1/d)

1.1xl0 (I/d ) 5- In
-5

l.nxln (1/d) APP 6

I ~ Oxl0 (1/d) 5 12«u

Penettstion of
cas'k boundary
by stub

1.4xln -2.4x)0 1.Bxln App.g CF Failure of 501 of
fuel clsddings
mechanically at
failure of cask
containment

0 «

STE

ECL'9
-9Extstence o! 1.)xln -S.lxln

'ustainedthermal
environment

Failure of
end cap by
other than
impact

3.4xln

7.9x)0

App. 6

5-:,
5-1)

CLF

STEI

Flooding of dry
cask after im-
mersion due to
minor break of
cask

Exposure to a
high therma)
environment
after catastrophic
failure of cas)t
containment

App.y

I SDI

1501

Inner closure
seal failure
(drv cas'k only>
from manufartured
in defect

Inner closure sr«)
failure (drv cas«
only) from maint-
enance or insta)-
lation failure

I.lxln

-IGS.nxln

5-1.
5-It

5- IF
CL

Venting af cask
coolant due to
tmmersion in s
sustained therma)
environment

Immersion of cask
in a ust.erhnrne
occident

C. 5-17

OSDI

QSDI

OSDI

Olttct closure
seal failure fror.
manufactured-in
defect

Outer closure seal
failure froa
maintenance or
inst illation
failure

11 -113.txln -6.lx)0Failure of outer
closure seal due
to accidental
impact

I ~ lxlb

5.nx)n"

I 1
4.Exln

5 1

5- It

5 3.
5-)F

App ~ B

CL«.

'SDI

E:I

Release of radio-
activity fram uvt
casl'. durinr. itcsersion
given a miror hteut
in contaiftment
Failure of
tlnsurt seal due
to accidental
Impact 9«vvn outer seal
fatiure

Impact produced fracture
o! end cap

G. I

-14
5«IG App, '



M2. I?enetration of Cask Boundary by Collision-
I?roduced Missiles

From Appendix 8, the probability of a severe colli-
sion or ramming which genera.tes large missiles is
3.4 x 10 Lo 6.1 x 10 /b-mi. The condi.tional-1.0 -10

probabil.i.Ly of peneti ation given a. missile impact
-5i.s 3.4 x 10 /impact. Therefore, the probability

o f r.(>1 ) 1 s 1 on produced mi ss i I e pene tra t ion is 1.2 x 10-IIi.o 2. 1 x 10 /b-mi.

M3. Penetration oi'. Cask )loundary by a Torhado-
Produced Missile

The probabil.ity of cask penei.ration by a tornado
missile was evaluated by Fullwood as 8.0 x 10(5-3)

per car mile (/c-mi) i'or rail accidents based on

an assessment of the likelihood oi' design basis
L(>rn«do. From WAS)l-1300 the I ikelihood of a

(5-9)'esign

basi s tornado at any poin L i n the U. S. is
-7assessed to be 10 per year. For an average l.ong

waterbo> ne ) oute (>)'3l 2 mi les c(>vered at an average
barge speed o)') mph

0 f ap)>r(>xlllla").(". I y 3 x

d(~s 1 gn has 1s L(>r n(l(lo .

this amounLs Lo a pro)>abi1 ity
—1210 /b-mi of enc(>untering a

Fu1 ) wo(>d 's ana1ysi s assumed tha i. n design basi s
tornado would conLal n projectiles uf suf ficient
s i ze to penetrate the cask body. This is thought
to be overly conservative and a factor of .01 is
used Lo define the probability of large projectiles
being encountered in a design basis tornado.
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Finally Fullwood's analysis was done for penetra-
tion of the cask water jacket only. Based on the
decreased probability of penetration of the cask
interior given penetration of the cask neutron

shield defined by Fullwood an additional factor of
.1 is used. Therefore the probability of penetra-
tion by a tornado produced missile in this study is
taken to be 3 x 10 /b-mi.-15

Penetration oi'ask Boundary by Stubs

In I'ullwood's work on cask penetration by stubs
it was assumed that certa.in components such as
pieces of rail or partially buried rail car axles
could act as fixed stubs with the potenti.al to
penetrate a moving cask. In this work, conditions
are hypothesized to exist in which the moving cask
encounters some portion of the colliding vessel„or
a fixed abutment. If it can be assumed that the
solid protrusion contacting the cask is not simply
pushed out of the way, then the protrusion may be
considered a fixed stub, and the probability of stub
penetration of a. cask may be calculated.

The frequency of. an accident which generates moving

stub contact has already been evaluated (in Appendix

B) as 3.4 x 10 to 6.1 x 10 /b-mi, and the con--10 -10

ditional probability oi penetration, from Appendix B,
-5is 4.0 x 10 /stub impact. Thus the overall pro-

bability of stub penetration is 1.4 x 10 to-14

2. 4 x 10 /b-mi.-14
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STE. Sustained High Temperature Environment

The probability of STE, assessed directly from Appendix
-9B data taken irom the Coast Guard is 3.4 x 10 /b-mi.

ECD. Fracture o f End Cap

ilarr i s est imated the rupture probability o f(5-7)

piping of less thickness than the end fitting under
-8pressure to be 3.5 x 10 /yr. However, Harris assumed

that radiographic inspection had been performed.
Fullwood, et al. estimated the failure pro-( 5-3)

hability of the end cap in a rail accident as
44.7 x 10 /vessel -yr. The geometric mean of the two

-Gvalues ls 4.1 x l0 /yr. However, some derating
shou Id be used i.n consi deration of the fact tha,t the
vessE 1 i s not pressurl zed. Therei'ore, a value oi'. 1

3is used. Normal izing this Lo 5.2 x 10 miles of yearly
c>perntions for a given route produces an estimated

—11probnb i li ty of ECD occurrence oi'.9 x 10 /b —mi.
O

ECI. Impact Pioduced I"ail.ure of End Cap

Fai lure oi'ny portion of the cask body by acci-
dent produced stimuli is estimated to be no higher

-14than 2 x 10 /b —mi. The end cap is assumed;, to be
built Lo similar standards with more protection and
much smal ler target area'. Therefore, a derating
factor o f'1 is used for an overall likelihood of
impact failure of an end cap of 2 x 10 /b-mi.

—15

A campaign to servide a 1000 hIWe PWR requires 3—4 ship-
ments of spent fuel per year, Using 4 trips per year
and an average journey of 1300 mi. between utility site
and receiving I'acility yields an exposure distance of
5.2 x,.103 b-mi/yr.



ISD1,OSD1. Failure of a Defective Closure Seal

Fu1lwood evaluated the probab i 1 i ty, o f fai lure( 5-3)

of a defectively manufactured closure seal to be

1.1 x 10 /c-mi . from data supplied by BADC,
-7 (5-10)

This value is conservative because the seals used
in spent fuel casks are ol bet'ter than average
quality.

ISD2, OSD2. Failure o:f Closure Seal Due to Incorrect
Installati.on

The probability oi accidents involving cargo damage,

excluding only the most minor category of occurrences,
-6is 5.0 x 10 /b-mi (Appendix B). The probability of

the seal not being installed correctly is conserva-
4ti vely set at 1.0 x 10 /seal. extracted from Gilbert;

( 5-11)
and Fullwood whi.ch yields an overall proba-
bility of an ISD2, ~ OSD2 occurrence of 5.0 x 10 /b-mi.

—10

TFl . Fai lure to Tes t Cask Pressure Seal Integrity
Prior to Cask Shipment,

Gilbert and 1"ullwoods'stimate of 1.0 x 10 /occurrence
is used directly here as 1.0 x 10 /journey,

ISDI, OSDI. Failure of Inner or Outer Closure Seals
Due to Accident Impact

It is conservatively estimated that a seal will fail.
in 10% of the accidents where the cask is severely
impacted. Therefore, from Appendix B, a value of-124.8 x 10 is used as the probability of. OSDI.
Failure of the inner seal is assumed to occur 10%
of the cases where failure of the outer seal occurs.
Therefore, ISD1 has a value of. .l.
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PRV1. Unavailability of Pressure Relief Valving
(Wet Cask)

Failure ol'ressure relief valving in the closed
position is estimated in WASH-1400 to be in(5-12)

the range of 3.5 x 10 to 3.5 x 10 /demand. The

average probability experienced in the nuclear indus-
try is 1.1 x 10 /demand, which is used as the over-—5

all failure probability.

PRV2. Unavailability of Pressure Relief Valving
From Impact-Induced Failure. (Wet Cask)

This is a corrditional probability of failure due to
impac L ol'he pressure relief valving. PRV2 is
estimated to be an order of magrri tude more probable
than puncture of the main cask body. Thus, the

4estimate used here for PRV2 i's 1 x 10 /demand.

CP. Conditional Probability ol Significant Mechani-
cal Pailure (50% of the 1"uel Element Claddings)
Given A Fa.ilure of the Inner Cask Boundary

(5-3)Ful.1wood esLimaLed that 50% of the contained
fuel claddings would rupture l'rom mechanical stimuli
given a, lailure of the cask boundary such as that
postul aLed ioz his failure categories 3 and 4 which

correspond to RDA2, RWA2 and RDA3, RWA3, respectively,
()

in this study. Thus, CF is estimated to be 0.5 in
the absence of. sufficient data.

5-33



CLF. Cask Flooding After Immersion with a Minor
Breach of Cask Boundary (Dry Cask)

It is estimated that a breach will be severe enough

to elimj nate back pressure and allow flooding of the
cask in about 10'fo of cases i.nvolving minor breach o:f
cask containment.

STEl. Sustained Thermal Environment Following an
Accident Involving a Penetration Failure of
a Cask

An upper bound on the probability of this conditional
event can be taken from the data in Appendix 8 as
.07. For conservatism a value of'j is used in
this study.

CRW. Conditional Coolant Boiloff (Wet Cask)

Shappert et al. indicated that RWA4 could(5-5)

possibly occur if the cask were allowed to remain

in a high temperature environment for 71 hours
(severe accident category). The probability of such
n, fire was estimated to be 0.1, which is also used
here.

CL. Conditional Post Accident Immersion of Cask

This event refers to cask immersion after the cask
boundary has been breached, and its probability is
evaluated as 0.5 in the absence of any further infor-
mation.



CLEW. Cask Flooding After Immersion With a Minor
Breach oi Cask Boundary (Wet Cask)

During an accident involving immersion of a wet

cask, the cask may already be iilled with coolant.
In thi.s case, a small release through diffusion
mechanisms is more likely for the wet cask than for
the dry cask which must, fill with water,.in al~l cases.
A probability of 0.2 is used ior the conditional
probabili.ty of a minor release from a wet cask during
an immersion accident.

5 5 Acci.dent Analysis Results and Discussion

5. 5.1 Qu >ntitative Results of Fault Tree Evaluations for
Dry and Wet Casks

The probabi.lity ol each .postulated release event
def.'ined in Section 5.3 is evaluated, per mile of travel, in
Tab:)e 5.6 for the dry cask and in Table 5,7 for the wet cask.

Given that an accident has occurred involving an

air release, tihe most probable form of failure of a dry cask
is a. minor failure of the cask containment boundary as
defined in Section 5.3.1. The most probable release from a

wet cask could occur because of pressure relief venting
after an extended exposure of. the cask to a thermal environ-
ment.

The frncti.ona.l contribution of the severe and very
severe rel.ease events to the total probability of any release
invojving a dry cask is less than .)>5'fo. Similarly, the
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Table 5,6. Summary of Dry Cask Release Frequencies for Waterborne
Transport and Comparison With Release Frequencies for
Rail Transport

Release Release DescriPt ioa
Category

Probability of
Occurrence in ~
Iaterborne Accident
per Barge Rile of
Travel (1/b-mi)

Probability of Occurrence
in a Rail Accident Per
Car Rile of Travel
(1/c-mi)

release of radioactivity
to the environment

8.3x10 9.4x10

RDA1

RDA3

RDL1

RDL2

~ir release, minor failure
of cask containment, no
significant mechanical
damage to fuel (<1% broken
clsddiags)

air release. major failure
of cask containment,
significant mechanical
damage to fuel (x505
broken claddings)

~ir release, major failure
of cask containment, significant
mechanical damage to fuel,
overheating of fuel

liqui.d release, minor
failure of cask containment,
no significant mechanical

!

damage to fuel

liquid release, major

I

failure of cask containment
significant mechanical damage

) to fuel

7.9x10

2.5x10

2.5x10

4.0x10

1.2x10

9,0x10

4.0x10!

2.0x10



Table 5.7. Summary of Wet Cask Release Frequencies for Waterborne
Transport and Comparison )with Release Frequencies for
Rail Transport

Release Release Description
Category

Probability of Occurrence
xn a Waterborne Accident
per Barge llile of Travel
(1/b-E01)

Probability of Occur-
rence in ~ Rail
Accident per Car-1{lie
of Travel (1/c-mi)

RW release of radioactivity
to the environment

4,4xlo 3.8x10

RWA1

RWA2

RWA3

RlfL1

air release, minor failure
of cask containmenx, no
significant mechanical
damage to fuel (el%, broken
claddings)

air release, major failure
of cask containment,
significant mechanical
damage to fuel (w50%
broken claddings)

air release, major failure
of cask containment, sign-
ificant mechanical damage
to fuel, overheating of
fuel

air release, immersion of
cask in thermal environment
fax'ufficient period of
time to require pressure
xelief venting (>1 hr fire
with no reestablishment of
cooling for >11 hrs.)
liquid release, minor failure
of cask containment, no sig-
nificant mechanical damage
to fuel

liquid release, major failure of
cask containment kith signifi-
cant mechanical carnage to fuel

9.5x10

2.5x10

2.5x10

3.4x10

9.5x10

1.2xlo

9.0%10

4.0x10

2.0r10

2.9x10

~ determined using ratio of rail to intermodal pxobability for RWA1.



fractional contribution oi'11 major release events to the
total probability of any release from a wet cask is approii-
muteiy .01%.

Because o.f the possibi.lity of a design basis accident
inv<>lving venting, the overall probabi1ity of release from

the weL cask is higher than Lhe probability of release from

the dry cask. However, the difference is approximately a
factor of five, which is not statistically significant
since a.ll probabilities used in the evaluation are order <>f

magnitude estimates.

The probability of an air release I.'rom either type of
cosk during waterborne shipment versus rail shipment suggests
a lesser like)ihood of an air release during waterborne ship-
men t. W < terborne shipment presen Ls Lhe possi1>i1i ty o f a.

release to the hydrosphere. The probability o f a severe wa.Lor

release (RDL2) and the probabi1i ties oi'i nor, severe, and

very severe air releases (RDA1, RDA2, and RDA3) from a. dry
cask per reactor year of operation are given in Table 5.8
for each of the generic routes of Section 1.0 and for .an

average long waterborne route. The average long waterborne
r<>uLe is the mean of Lhe generic r<>ute distances weighted by

the number of ut 1 I i Ly s i Les access i b ie by each route. An

equivalent rai i distance for cumparison was determi ned 1 <>r

each waterborne rou te. The equi valenL ra.i 1 dis tance c<>rro—

sponds to the total of the waterborne dis tance and the in te>m<>da 1

transfer distance (see Section 7.0) multiplied by 0.7. The

probability of a release occurring during the land portion of
an intermodal trip is assumed to be the same per mile as the
probability o.f release during rail shipment.
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Table 5.S. Probability of Radioactive Release From a Dry Cask per
Reactor Year Using Intermodal and Strictly Rail Forms
of Transport

Ge ll e t' c
I Rlute

Nunltle r

vaterborne
Distance

Hat) or Other
Overland hade
Dts taste

Equ lvs 1 en t
Harl Dlstancl.

Frequency of a Niner
Alr Release

intersex(ai Hai!
shipment Shlpeer;:

Frequency of a Severe
Alr Release

Inta~el Hail
Shipoen Shlpeent

Frequency of a Very
Severe Air Release

Intersadal natl
Shipuent Shi)scent

I
Frequency of
Severe ).iquld
Release

(ot) (nt ) (su! (1/R-yr) (1/R-yrl (1/R-yr) (1/8-yr) (1/R-yr) (1/R-yr) (1/8-yr)

)647

1229

!573
110

1476

1469

968

684

NatIonal t
Average 131'1
Route

64

454

15

4!
1 3

33

1161

685

1146

560

1063

10).
72G

C95

7.5xl
l. 3xlC

2.3x!C
1.3xlO

l.6xl 0
-76.2xlC

1.5x10
8.5x«

l. 3x)C

3.CxlC
-52.6x1"

e
3.4xl
1 6xl"
3.!xlO

53.0x!7
-". lx1C

1.5x'.

2. Bx1g

1.4xlC
4.6xlC
9.3x!..
5.9xlO
5.3xlG

-6l.9xl2
-6

5 3x)C
,„-8

Ox

-84.3x12

-61.5xlC
-6

1.2x)G
-6

1 5xlG

7.3x10
-61.4x10

1.4xlO

9.4xlO

6.1xlO

1.2xlo

8.5x)0 "
2.4x10
.3xlO

4
2.9xlG

2.8xlG

1.2xlO

2.7x)0
1.Gx!0

2.3xlG

7.6x10
5.8x10
7.5x10
3.6x10

G. 9x!0
-96.5x10

4.7xlO
3.2xlO

G. lxln 9

6.4x10-11

4.8xlf
-116.1x!G

1'I
4.3xlO
5.8xlO

lr5.8xlC
3.9xlG

1xl

.lxlG

Equivalent rat) utleage.lot dereted vlth reaper to vaterborne distance since vaterborne link is short and direct
b

The average route nileage excludes short vaterborne link. route 4 and is velghted by the nunber of utrlity sites accessible by each route.



As shown in Table 5,8, the predicted probabilities
i.ndicate that an accidental release from a dry cask is
less likely per reactor year using the intermodal mode of
shipment as opposed to strictly rail shipment. For most

generic intermodal routes, the probability of release during
the land portion of the trip is greater than the pro'oabil ity
of release during the waterborne portion.

The probabi.lity of a severe air release and severe
release to water during intermodal transport are essentially

function of the likelihood of a cask puncture. Major con-
tributinns to Lhe likelihood oi' cask puncLure :>ro the pro--

bability of missiles penetration (detonation and col~ision)
and stub penetrati ons, which are evaluated in Appendix 13.

llowever, .in Appendix B it is noted that there is uncertainty
concerning the adequacy of penetration modeling. In par-
ticular, the likeli.hood of a large missile being produced
in how speed collisions or in detonation is not c1early
estab>ished. Nor is the likelihood clearly established of
encountering a projection- of sufficient density, strength
and immobility to be called a, stub.

The results of penetration modeling indicate that
all cask puncture phenomena have a probability of occur-
rence of less than 10 per reactor year or 10 to 10 less-10 cJ 3

than the most probable form of release producing phenomena..

Therefore, puncture producing events must be con-
sidered low probability events and even though the modeling
is inexact, it provides a conservative limit on the risk
from puncture initiators.
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5.5.2 Comparison of Accident Relea. e Probabilities for
Various Scenarios

The three:iollowi.ng spent fuel transport scenarios
are used in normalizing the release probabilities estimated
in the previous section to a national scale'.:

a) Five percent (5%) oi all spent i.'uel transported
yearly will. be moved by intermodal transport.
The reuiaining 95% will be transported by ra.il
(85%) and by legal weight truck (10%). This
scenari.o i.s i.» keeping wit;h previous analyses

(5-4)of spent fuel Lrunsport..

b) Forty pe>«enL (-i0%) of'.ll spent .l.'uel tiuns-
pot ted yeuriy wi..l.l be nioved by intermodu.l

transport. Thi.s scenario -s based on projec-
t:fons Lhut 80% of ale units opera. ting in 1985
wili be accessi.ble f'r barge transport;. However,

route economi.cs and waterway closure for up to
5 winter mon Lhs u. year could considerably
reduce use of weL'terborne transport.

L'1 ghty percent (80%) of.'ll spent fuel trans-
ported yearly will be moved by intermodal.

transport. Tl>is is an upper bound scenario
unticipu.t;ing that all units accessible by

barge will use in termodal transport.

Tab.le 5.9 compures Lhe overali probability of accident
release for all. three of tlute above described spent fuel
shipping strfttegies using dry r..ask pzofiability data, and
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Table 5.9. Probability of Radioactive Release Per Year
from Spent Fuel Shipping

Spent Fuel Transport
Strategy

Probability of Release Per Year

Any b1inor Air
Release Release

Severe Air Uery Severe Severe )tater
Release Air Release Release

tt

land transport 95~ra.
intermodal transport
5% (un'ts on line in
1977)

-3 -31.7x10 1.7x10 7. lx10 3.Gx10
-5 -7 1.5x10

land transport 95%,
intermodal transport
5'4 (units on line in
1985)

land transport G05,
intermodal transport
40~ (by 1985)

j land transport 20%
i»termodal transport

!
80% (by 1985)

3-. 5xlQ 3.3x10 1.4x10 7.2x10

1.3x10 1.3x10 5,2x10
fr

2.7x10

5 'x10 5.lx10 2.2xlO 1.1xl0-3 -4 -G S.lxlo 10

3.9x10

7.8K10



Figure 5.10 illustrates the predicted differences
in the probabilities of accidental radioactive release per
year for these three strategies as a. function of metric
tonnage shipped. Figure 5.10 also indicates the decrease in
overall accident release probability achieved by using increasing
amourits of waterborne transport. Table 5.9 shows that
the decrease in accident risk occurs across the spec'trum of
risk categories and that the probability of a water release
during intermodal transit never exceeds the probability of a
very severe a.ir release.

The probability of accidental release per year is
compared to the probability of release of a similar spent

(5-4)fuel shipping mix calculated by EIodge &, Jarrett in
I igure 5.11. The figure also shows that the probability

of'eleasecalculated in Reference 5-3 and in this report are
much lower than those in Reference 5—4. It is noteworthy
that the same wet cask design was considered in both
Reference 5-4 and in this report.
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6.0 ACCIDENT CONSEQUENCE ANALYSIS AND RISK ASSESShfENT

6.1 Purpose and Summa.ry

In Section 5,0, a broad spectrum ol'elease producing
accidents involving large spent i'uel casks was dei'ined, and

Llie likelihood of each accident wa.s determined probabilisti-
caliy. All accident release events postulated in this report
were assumed to result in the release of some radioactivity
i'roin the cask, either to the a.ir or to water. The probabi-
ii ty of each event was estimated for intermodal shipment of
spent fuel casks and for cask shipment exclusively by rail.

None oi'he release evenLs postulated for intermodal

transport accidents in the probabilistic evaluation in
Section 5.0 has a probability of occurrence greater than

-G
5 x 10 /ReacLor-year (R-yi }, and all severe release events
I>ostulated had a, probabiliLy of occurrence of less than
1 x 10 /Ryr.-7

In Lhis secLion the consequences of each accident
p i~L» I ii Led in Section 5. 0 are esLiniated and the resultant
i isk to the public is evaluated. The methodology for deter-
«ii n i »g ii i r reI ease consequences was taken irom %ASH-1400 (G-1)

nli.i i o Llie niethodology for determining water release conse—
(G-2)iiiionces was L;iken from NRC regulatory guides.

Vsj ng Lhe in Lernioda1 accident probabilities of
Section 5.0, in est iinate was made of.'he contribution to the
public risk fr<>in each release category deiined and the cumu-

lativee

public risk I'rom intermodal transport of spent fuel.



A similar risk estimate was compi. led for spent i'uel handled

exclusively by rail based on the rail accident probabilities
o f Section 5.0.

Risk to the public was evaluated for spent fuel ship-
ping strategies involving different levels of intermodal
shipment and was based on projections of the number oi'eac-
tors expected to be on line by 1985. The results of this
risk assessment are summarized below:

The average risk to the public i'rom all postu-
lated release accidents (air and water releases)

-6is 1.2 x 10 man-rem/R-yr if spent fuel is
transported between utility sites and receiving
facilities by intermodal means using waterborne
transport as the major transport, mode.

The average risk to the public from radioactive
-7release accidents is approximately 4.0 x 10

man-rem/R-yr if spent fuel is transported
exclusively by rail. This is a factor of 3

smaller than the risk from intermodal transpor t
due entirely to the fact that with waterborne
'transport there is the added risk of a release
to water. The difference is not statistically
significant since the uncertainty in these
results is likely to be larger than one order
of magnitude.



Estimated risk to the UPS. public from spent
t.'uel transpor'taLion accidents for a, 1985
populaLion of reactors (irom Section 1.0) is

5 cl7.9 x 10 to 1.3 x 10 man-rem/year, depending
on Lhe extent of utilization oi waterborne
transport.. The higher estimate corresponds to
)leavy us( oi waterborne transport. (i.e., ser-
vicing ~10% oi'll operating reactors) whil.e the
lower estimate corresponds to a, light use
scenario (i.e., servicing 5,0 of all operating
z enc'L'oz's ) .

Comparison of this study's results with those
ot'AS)1-1~100indi ca tes i.hat while the risk f rom trans-

port,:i).ion of spen t I'uel. may vary bl a factor of 2

de)>enc) i ng <>n t)zo mode mix used, tlze risk from

trans)>or tati.on o I.'pent. 1'uel by any mode consi.derec
,,;.-::I

1 n this z.epoz t i s sma.lier than the risk from light
water reactor oi>eration by a factor of more than 1(

Comparison of this study's results with other
estimates of spent fuel transport risk from Lhe

literature reveal Lhat the risk estimates of
this study are bounded by the resul ts of other
stuc).ies and LhaL the highest and lowest risk
estimat,es are separated by less than an order
of magni Lude.

6 2 Cask )h<d 1 o;z«t ive Inventory

All consequence calculations were performed using
Lhe «~»>sezvative;>ssumption of cask contenLs being recycled
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spent fuel assemblies i'rom a. 1000 MWe PWR irradiated 33 x 10
megawatt days/metric ton nf uranium and cooled for 150 days.
Inventories derived iron> Pu recycle do not represent the
inventory of current shipped fuels, but their use was inten-
ded to conservatively represent potential future shipment
inventories. Table 6.1 (from Reierence 6-3) lists cask
nuclide constituents along with their cask inventory (i.n
curies) for a dry cask containing ten fuel assemblies. The
inventory of a wet cask is 70% of the listed values, since a
wet; cask holds only seven assembli.es.

Table 6.1. Ma,jor Isotopic Constituents oi' Dry
Cask Assuming that Fuel is Recvcled
From a 3000 MWe PWR at 33 x 10~ MWD/MT
Burnup and Cooled for f 50 days(6-3)

I'I-3

Kr-n!)
Sr-80
.' -00
]-00
7-!I)

21-05
Bl -!)5
Bu-103
Bh-10!Im

Bu-100
I'. I)- I Uli

Sn- 123
!il>- 125>

Tn-)27m
7u-I 'I
') I.-l "Om

70-)2B

I

I I

,I
I I x II

'I.I

> lu I

3.0 x IO'

2.0 x 10
!')2.0 x

10'O'

. I >, 10

) I I

,I >> x )0
).5 > )05

3.1 x IO

:I.) x ]0
2.2 x 10 I

5 'I x )0
3.5 x )0
3.4 x 10

).4 x 10

II 5 x 10

'-I: 'I

Cn-)37
I'ln-)37n)

I,n- I 10

CI -111
0> - I I

'r-I

I I

I r. -)17
Bu-235

'> 'l)l

I'u-2 10

I>u-2) I

I>u-242

An)-2 ) I

An>-2.) 3

Cn)-212

On-2.14

:1.0
'I. 7

7

7 3
7.]

1.1
0.1

I ('

(I'0'

10
x 10

]U

x ) I'>

10
x 10'

10.I

x 10'
10'

IU

x 10
1

10



Air Release Source Terms

G. 3.1 Ai.r Release Due Lo a. Minor Failure of the Cask Con-
ta,incr Boundary with No Significant fuel Damage
(< 1% Cladding Failure) (RDA1, RWAl)

It was ass<nned that no major deviation from norma.l

Lherma1 condi.tions exists during an accident in this release
cat..'.gory. The impact oi' failure of the inner containment
boundary was considered. It is assumed that no sil.nificant
(= 1',0) cladding I'ailure wi] 1. occur during the shipment or
as < result of the containment boundary failure. Thus, the
release consists oi'he accumulated gases in the helium
fil led cav:ity fox a. dry cask or the accumula.ted insoluble
gases fur a wet «ask.

Ritrman has estimated the fractional release oi'6-~l)

I issi<in gas l'rom a cask < on tain lng 1'fo failed fuel as approxi-
-8 0

<na Lely 3 x 10 , based un a rod temperature o:f 700 F, an
-22empirical difi'usion coet'ficlent ui' x 10 /sec, and a

r<«lease L'.lne oi one we<"'k.

A more conservaLive est,imating technique was used by

l"« I )wuud based on Lhe percentage of the fission gases
be.l.ng released Lo th<= i'ue1 gap and plenu<n over the operating
lil'e of Lhe l'uel (approxi<nately three years in this case).

Ful lwoud ass«<ne<i LhaL Lhe release iraction of the r-th
nu< l ide (<l,) oi'he fission gases from a failed rod is a.r

Re.ie <se categories are defi.ned in Section 5.0



linear I'unction of time, v, and an exponent, i Ll function of
Lemper'at<<re, T, as shown Ir> < <l!fa L i<>n (1 ).

ri = L( r ) L'(T)r

hlore speciiically, the amount of fission gas released from a

broken rod in a. cask was assumed to be a linenr function
oi'ire

l.ime Lhe rod is in the cask, and an exponential function
<!f i.he di f.'l'erences between t he t ue.l temperaLure un<> r reacLor

op<.r;r Ling concli tions, T ( K), and f'uel temperature under con-

di t,i or>s in the cask, T { K) or

T,.
rl = ri (reactor) ——'— exp(-'I.'T )

<"Ls k
r r ' '

Dreact;or
(2)

wll e r <i

(reactor)

T cask

T rea.ctor

release I'raction ol'he r-th fissi.on
gas nuclide released from Lhe fuel
over its operat ing life
time spent .in the cnsk by the broken
fuel
Lime spe» L i rr Lhe reactor by the I'uel

One week was used as the average residence time in the
cask ( f'r a cask involved in an accident during transport) and

(6-6)
Kr-85 (reactor) = 0. 3. A fuel pellet temperature of. 2550 F

>ruder operating condi'tions and 700 1"'nder decay heating con—

tlitions in the cask was assumed. The fraction of Kr —85 given
el'f f rorr> a broken fuel rod i.n a cask using equation (2) is

This is approximately the maximum iuel rod volumetric
average temperature which produces a. Kr-85 release to
the plenum of 0.3 during the core liI'ctime of a fuel
rod.(6-7)
will be less for a wet cask

G-G



I) (broken rod) = (0.3g—) e1 -1672/644
Kr-85 169

1.3 2( 10

Assumi.ng that 1% of the rods have failed during
operation, the fractional release of Kr-85 from the entire
cask inven tory is

<1K „85 = 1.3 x '10

TI>e value of q,{reactor) for the other fission gases in ther
cavi ty is rll 13i (reactor) = 0.02 and

AH
3(reactor) = 0.01

(from Reference 6-G). Substituting these values in equation
{2) and assuaging. 1% rod Tai lure yields

-8S.S x 10

-8
~.1.4 x 10

I I-3

'I'he s< a.i i.ng sugges Led by Ri tzman was considered more real-
istic, but Fui lwoocl's scai.ing provides a, conservative upper
1]a]i L'o L'he quantities oi f ission gases released.

G. 3.2 A I r Release Cause<1 by Maj or Breach of Cask Contain-
ment Boundary with Subsequent Mechanical Damage to
50% <> f the Fuel (RDA2, RWA2)

Ileat Lrans I.'er characteri.sties were assumed to be

unchanged in this accident; but in this release category
50% o:I.'he i'uel is assumed to be damaged during cask contain-

'ment fai.lure. ln this case, all. oi i.he fissi.on gas collected
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in the fuel rod plenum i.n the three year operating li. fe ol'he
I'arel wi.l 1 be given off, since the rod damage occurs in the
accidellt .

Using estima.tes of.'i.ssion gas i.sotopi.c fra.cti.ons in
tire clad gap provided by WASH-1250, the fol lowi.ng release(6-.6)

fr actions were obtained:
5.0 x 10

1) „= l. 5 x 1.0

-2
r) 31

= 10 x 10

G. 3. 3 Air Rel.ease Caused by Major Breach of Cask Conta,in-
ment with Subsequent Overheating o.f Fuel. (RDA3, RWA3)

This category represents the extreme in accident con;~
seqrrences for. both the dry and wet cask designs and is similar
t<> l.lre "beyond design basi s accident" analyzed i.n WASH —1238.(6'-8 )

A ma.;jor dif ference between this release and that for
III)A2, RWA2 is that some semi.volati les, such as cesium, can be
released in the presence of a high thermal environment when

poor hea.t transfer condi.tions exist in the cask. Under the
severe thermal condi.tions given in WASEI-1238, 50% of the fuel
rods were assumed to fail due to high temperature creep effects.
Temperatures inside the cask were assumed to exceed 1200 F and

0

to he sufficient to volatilize any uncombined (metallic) cesium
available at the surface of the fuel.

Original estimates from WASH-1238 indicated that the
5release fra.ction r) is approximately 4.5 x 10 . A more

recent analysis in WASEI-1238 Supplement II placed(6-9)



at 1.5 x 10 by considering the. amount of metallic
Cs

cesium present and 'the amount which would not recomi ine with

U02 bei'ore perforation occurs. The latter estimate was used
in the analysis of RDA3 and RWA3 for the release fractions
of Cs-13~1 and Cs-l37 since it is based on a large body of

i

experimental 'data; however, it is still considered conserva.—
tive because i t does not correct, for the condensation and

plateout of cesium which would reduce the actual release to
the environment.

Ais IIelease Due 'to Prolonged Exposure to Therma.l
Environment; I oss of Coolant Through Vaporization
and Pressure Relief, but No Loss of Containment
Boundary Efiectiveness {IOWA@)

This was actua.l.ly a desi gn basis accident as analyzed
{6-10)

by t.he maniitacturer's. safety analysis report. It was
CI

also treated in Reference 6-9. With no containment, failure
Lhe sL'eam ren)a i ning .in the', cav i ty provides a medium for con—
v«..tive heat 'transfer suffic:ienL to keep fuel. rod cladding

0,te<npera Lures ah or below 965 l". At these temperatures, addi—
tinnal rod per.l.'oraLions from creep rupture are not expected.
The main loss mechanisms Lherefore include the loss of f'ission
ga and the 1eakage of cesium to the cool.ant from mechanically
broken pins, io1.lowed by subsequent loss to the atmosphere
dux i.ng blowclown.

In Reference 6-9 one accident scenario is con-

sidered in which 10'i'he rods inside a wet cask are
dama.gecl and the c:asl< is immersed in a, thermal environment

6-9



which vaporizes all of the coolnnl.. A cesium release fract'ion
-6of 3.4 x 10 is given to account .f.'or leaching of some cesium

from broken rods by the coolant during Llie n.ccident nnd

release of that cesium through pressure relief of the cask
as the coolant is vaporized. The release fraction given in

Reference 6-.9 is overly conservative since it does not
refl ecL Lhe fact that cesium in the coolant will not neces-
sari:l.y be in n. form which can be vaporized nnd released during
pressure relief'.

The over-conservatism ol Reference 6-9 stems from

Llie fact that the main tlirust of that analysis was to deter—
mine the amount of cesium given off at a laLer time in their
scenario, when all the coo]nnt lins been lost by pressure
reljef.'rom the cask, and an even more severe therma.l environ-
menL exists in which the cask is dry, unbroken rods are
perforu.ted and cesium is volitalized directly. 13y comparison
w.ith LkI'q.',.a'qount of cesium released directly by volatiliza.—

li -'jl

tion, tliie'moun't of cesium leached by the coolant and given
of f during pressure relief's not, significant.

Since the cesium in the cask coolant probably exists in
an oxidized form, it would be inefi'iciently given oif with steam
vapor. Several estimates from the li terature ' cite(6-11 6-12)

the fraction of a non-volatile species present in a solution
which can be given off. as 1 x 10 to 1 x 10 . Therefore,
the fraction of cesium released in the RWA4 accident is the
product o:f the fraction released from the broken fuel to the

.(6-7)coolant and the fraction releasable from solution in the
coolant to the coo'.l.ant vapor,, ', or (3.4 x 10 ) ~(6-11,6-12) -6

-10('1 x 10 ) = 3.4 x 10 . This number was used in this analysis
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to esLimate the I'r;iction of cesium given off from a wet cask
in wlricli 10'>< oi i.he rods were broken.

IL was d:i.ii'icirlt to esti.mate the extent of mechanica,l

damage to rods in an accidenL involving collision and i'ire
buL w,i.Lii rio vi.oiati.on ot.'he cask boundary. A lower bound

was selecLed as Lhe c rso wliere no fuel rod breakage resulted
I'ri>rn Lhe acci den L, so th;it the 1',0 clad iailures assumed were

Lhose tha t occirrred dur:ing rea<.Lor operation. The upper
bvirrld a s s u<1>ed was 'i to L Q.l (.>'I' 0/o rod breakage . The re 1 crise

fr.act:I.on was assumed Lo be distributed log normally and

Lhe georr>etri.c mean of Llie Lwo bounds was calculated and

<ised as the release fraction L'or each nuc1.ide constituent
in .Lire calcul rtion of air rele;ise source terms for the RWA4

ace j deal., A 1
'I o I.'hese rel ease l'ractions are shown in

'I'ah 1 e (1 . 2 .

su(>m>nr'y (> I''(>1<a>s(> a('.(; i (Ion L source constituen ts,
r('Loi>s(. I'r'r>(.:L i oris, nnd <..ori espond i ng source strengths is
gi ven in Tal>le b. 3 l.'or;>.'l1 accidents.

Air lie.le'<se (."ouse(1(!ence (,'u 1 culati.ons

(.olrse(i>ll:.Ilc('='s of a.i.r .r'el(".(ise iicci dents, including
i.nd i vi dua'.I <loses (rem) nnd popu1.aL i on doses (man-rem), were
('.a 1 <'u 1 a L('d wi'Lll a t>iodi

used i n i.lre (Draf L) IIe

I'i ed version ol'lie consequence code
actor Safety SLudy . The code

w <s sirnli 1 ified Ior use in tliis an (lysis in tlrat p1ume rise
arid evacu it i(>n were no(. ( <>nsid( i: e(l. The code uses a pro-
Li;rb i 1 i st i c c<>mh inn tion <! I'. weather corrditions



Tab1e 6.2. Air Release Fraction (0) for Various
Claddi.ng Fai lure in a Pressure Ven l;i ng
Loss of Coolant Accident InvoLving a
We t Cask (RWA4 )

NL)CLi11)L'%

Rods Broken ll -,'3

Kr-S5
1-131

Cs -134
Cs -137

3.6 x 10
1.1 x 10
7'2 x 10-11:3.1 x 10 li3.4 x 10

10~Io Rouls D?oken I l-3
Kr-85

T.-131
Cg —334
Cs -137

L,7 x 10-3
5.0 x 10
3.,3 x 10-10

~ I x 10 10
;3. i x 10

Geometric Elean 11-3
K> -S5

T-l3l
Cs-13 I
Cs-'l 37

2.5 x
7.4 x
4.0 x
1..1 x
.L. 1

LO

10
10
10-'0
10

—10

Used in the source t;erm release ca.Lcuiati.ons for HWA4



Table G.3. Air Release Source Terms Prom Dry and Wet
Cask Release Categories {for I?WR Pu recylce
fuel Q~ 33 x 103 MWD/MT bur»up, cooled for
150 days)

ile1 ease
Category

Nucli.de
Released

Air Release
Fracti on (?I )

Air Release
Source*(Ci)

RDAl Il-3
Kr-85
I-131

4
1.3
8.8

-8
x 10-6
x 10-8
x 10

1.8 x
4.1 x
8.8 x

10
10
10

ll DA2 II-3
Kr-85
I-131

5.0
1.5
1.0

-3
x 101
x 10
x 10

2.1 x 103
1

4.7 x 10
1.0 x 10

RDA3 II-3
Kr-85

I-131
Cs-134
Cs-137

5 0
1..5
1.0
1.5
1.5

10
x 10
x 10
x 10
x 10

2.1 x
4.7 x
1..0 x
1.3 x
7.5 x

103
10
102
101
10

BWA1.

IIW A2

H-3
i'.r-S5
I-131

li-3
Kr-85

1-131

-'I . -'I

1.3
8.8

5.0
1.5
1.0

x 10
x 10-S
x 10

10
x 10
x 10

1.3 x 10
2.9 ? 10
G.2 x 10

1.5 x 10313.3 x 10
7.0 ?'0

itNA3 il-3
Kr-85
I-131

Cs-134
Cs-137

5.0
1.5
1.0
1.5
1.5

x
x
x
x
x

10-110
10
10
10

1.5 x 10313.3 x 102
7 0? 101

9 ? 1015.3 x 10

RLUA4 l1-3
Kr-85
I-131

iCs-134
Cs -137

2.5
7.4
4 9
1.1
1.1

x
x
x
x

-5l0
10
10-lo
1010-"

7.3 x 1011.6 x 1034x 10
6.5 x 10
~.9 x 10

Ai r release so»i ce term va.l.ues for wet cask releases
are 70'yo of. t.lie equivalent dry cask releases because
the wet cask inventory is 70% of dry cask inventory.



and deposition parameters> The population distribution wns

assumed to be similar Lo that surrounding nn avernge nuclear

rene Lor, i.e., no population area near the source, and nn

average
source,

popula.tion distribution moving out radially from the

Prohabilistic results are given in Table G.4 for all
Lhe air release sollrces defined i.n Section G.3.

hs discussed above, the consequence code sampled n

seL o>": release conseqllences uti1izing probnbilis tie wen.ther

and wind condl Lions in eacll item.tion. The average conse-
qllences, given in Table 6.1, were Lhe average of all iterated
calculaLions using al] potenti a] wenthel conditions nnd n.

cl oss-sect 3 on of popul at ion d i s Lr 1 bll t i oils . The lIlaximum

consequence, also shown j n Table G. 4, wns the worst combina-

tion calculated and provided;ln upper bound.

The risk Lo Lhe publ ic f'ronl air release accidents
occurring during intermodal Lransport of spent fuel is given

in Table 6.4 as the integral of'hole-body doses. The whole—

body dose risk Lr

is approximaLely

om spent fllel shipping using dry or wet
-S1.4 x 10 mnn-rem/R-yl'. The risk frolll

ca.sks
a.ir

release accidents is approximately an order of magnitude

larger for spent
man-rem/R-yr and

respec ti ver y.

fuel shipping by rail only, being 3.7 x
-73.8 x 10 mn.n-rem/Il-yr for dry and wet

10
casks,
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~ ()BTNP)'HV vlf'

Table G.4. Summary oi'ir Release Consequence Calculation Results

A I r ke!ease Catvgr>ry

( Des)gnat)ur, Descr)ptior

!inst Type

Population Dose
Per Acc)cent

('Icn-rem
1

Average Wax 1mui Average

Risk to the Public
Fron; lntermodal Transport

(man-rem/Reactor-year)

Hex 1mum

RDA2

RDA3

RWA!

Rk A2

severe a)r release,
dry cask, s)gnif!cant!
mechanical fue!
de(sage I

very severe ait
release, dry casr.,
sign!ficant fuel
damage plus over-
heating of fuel

mtnor air release,
wet cask, no sig-
nificant fuel
damage I

I

severe air release
wet cask, s!gniftcant
fuel damage

RWA3 very severe air
release, wet cask
signif icant fuel
damage plus over-
heating of fuel

RDAI mtnor air reieasv
dry cask, no
significant fuel
damage (

WBD(SG year';
Lung
WBD(30 day!
Thyrotd

WBD(50 year)
Lung
WBD(30 day)
Thyroid

WBD(SG year:
Lung
WBD(30 day>
Thyroid

'IIBD(50 year)
Lung
WBD(3G day,
Thyroid

WBD(SC year!
Lung
II'BD(30 day)
Thyroid

WBD(50 year)
Lung
WBD(30 day)
Thyroid

2.5xlC
2.3KIC
2. Sxlo
2.0x)G

2. 9x)0 „2.6x!0 ~
2.9x10 ",

2. 3x I r>

5.5x101
5.5xlc,
4.2x!G;
3.7xlC

-7!.SxlC „! 6x!C
7x!C

!.3x)C

2.0x)G
1.6x10
2.0x!G
1.6x)G

3.8x)GII
3.8x)01
2.9xlC,
2. 5x)0

8 4xlc F7.4xlG 68.4x)C
3.3x)G

9.7xlC
8.5x)0
9.6xlOG
3.7x)0

I.lx)G3
).Ix)0~
1.0x)0".
9.9x10

6.Ox)0
S.lx)G

7kl (i
2.2xlG

1

6. SxlG
O'x)C-I
6.Sx!Gr
2.6x10

7. Bx10„"
7.Gx)0
7.0x)02
6. 9xl 0

-133.3xlo 133.0x10
3.3x10 122,6x)G

1.2xlG
q

1 lx!G q
I 2x)C q
9.9xl G

"

x)01 q. 5

1.2x10 99.5x)0
98.3x10

3,5x)O 133,1x10-13
3.3x-o I„3.5xlG

I.kx)0 q
-9

1.!x10
!.2810
..8.10

!

-81.2x10
8I 2x10 q9.3x)0

I 8. Ox)0

I.lx10
9.7x10
1.)x10 Ila.3x)0

4.2x!0
7x)0 84.1x!0"

1.6x)0

2.5x10 72.4xlo
2.3xlO

7"-.3xl 0

I lx) 0
9 SXIG 121).lx)0 114.1x)0

-84.2.10 „3'x10-8
4.2x)0

7!.6x)0
2.5x)0 72.5xl0
2.3x10 72.2x)0

RWA4 atr release.wet
cask pressure vent
loss of coolant
accident

KBD(50 year)
Lung
wBD(30 day)
Thyroid

I. 3xlG
4I. Ixl0

).2x)0
1.7x)0

4. Gx)0
3.5x10 33.8xlG
3. 8xlC

-!08.5x10
7 2x)G
7.8x10
1.0x)0

2.6x!0 82.3x)0 82.5x)0 82. 5x)C

Dry cask
Total Risk From Air Release
'a'et cask
Total Risk From Air Re!ease

estimated using RDA) results

WBD(50 year!

HBD(50 year)

I.ax!0

1.4x!0

2.9x10

3.2x)0



Consequences !3ue Lo Acci den Lai Releases tn the
Ilydrosphere From n. Spent Fuel Shipping Cask (Cask
Immersion Accident)

In Section 5.0, iL was shown thuL i.he probability of
-11

a IIcluid release accident was small (P = 5.1 x 10 /R-yr).
Ilowever, i.n order Lo colllpl etc an ('st.imaLo of. pubiic
rjsic I'rom interrnodal waLe(borne L~ ansport oi'pent. I'ue1., it
was necessary to evaluai.e the consequences o l a. radionucl.ide
release to the hydrosphere resulting :from a spent i'uel

Lransportati on acciclent.

6.5.l Source Term i'oi a Cask Immersion Accident

A source term f<>r ace i clen ts it> which raclionucl i cles

are released to water was developed on Lhe basis that the
caslc is sui'ficiently damaged to n 1.low free flow ol.'ai;er
through i t and a. signi fi can L l.'raction ol.'he rods have been
broken inside. Cri ter i a l'or (level opmen L o l' 1 iquid release.
source term nre given in Appendi.x C. EssonLial.ly, a. break-
down oi release iractions i rrto pronipt

terms similar to that employed by Lhe

was Used .

a()cl clel ayed source
Ni;C I n NURrG-01~0"-")

The signi Xicant nuclide consLi L(rents ol' liquid
release accident were es'timated using the expression



wherr

the hazard index which for a particular nuclide
is an individual whole body dose resulting from
ingestion of one millionth of the contents of
the cask (rem)

I . = the dry cask inventory of the nuclide (Ci)r'.1

r) = fraction of the nuclide released during theLi accident (dimensionless)

the 50 year whole body dose commitment factor
for the nuclide ingested (rem/pCi)

.-bl0 = a conversion factor (Ci/pCi)

ll;rzurd .r»dexes J.'or Ll)e dry cask nuclides released to the hydro-
spher e a) e given in Table 6.5. In the liquid pathway

:rnalysis, only Lhose nuciides identified as critical on

Trrb ) e 0.5 were cor)sid<.red. Nucli des were eliminated as major
contributor.s i I.'he srrnr ol.'l)eir hazard index and those of
the rear )i ning nun-cr i L ical nuclides did not equal 1% of
L'he Lotal hazard index (or dose).

G.5.2 Conseqrrences Lo Lhe Indivi dual of a Cask Immersion
Accident

A barge accident resulting in a release from a spent
cask to water can occur in a variety of aquatic environ-

rnents inciuding lakes, estuaries, open oceans and rivers. Of

the aqrratic environments a river used as a source of drinking
water and fresh water fish by the population along its shores
is ass»rned to represent a worst case for the purpose of esti-
mating the conseque»ces of a liciuid release accident. Thus,



Table 6. 5. Liquid Release Nuclides with the Largest Hazard Indices

Nuclide ci
(Ci)

($4 bo )' nli (30 daV) Qi
(rem/uCi 1

Hazard ladex
"Ai

(rem)

Potentially
Significant
Dose ('ontri-

butor

Sr-S9
Sr-90
Y-90
Y-91

Nb-95

Au-103
Au-106
Sn-123 "

Sb-125
Te-12?m
Te-129m

1-131
Cs-134

!
Cs-137
Ce-141
Ce-144
Pu-236
Cm-242

Cm-244

3.0 x 105

2.0 x 105

2.0 x 105

5.9 x 105

2.2 x 10
4.5 x 105

3.1 x 106

42.2 x 10
5.9 x 104

3.4 x 10
1.4 x 10
1.0 x 10
8.4 x 10
5.0 x 105

2.3 x 10
3.0 x 10
8.5 x 10
1.1 x 10
6.1 x 10"

.002

.002

00'001

.001

.002

.002

.002

.02

.02

.02

.02
0

.0"

.00'

001
.001

. 001

.001

.0038

.0038

.0028

.0028

.0028

.0038
0036
0033

.0218

.C215

.0218
021c

.0215

.0218

.0028

.0026

.0028

.0026

.0028

8.7 x

1,7 x
2 ' x

3.6 x

1.8 x

8.6 x

3.2 x

7,4 x

4.1 x

2.9 x

3.Sx
?.o x

6.6 x

2,6 x

1.7 x

1.4 x

3.0 x

1

10
10
10
10
10
10
10
10 "
10
10

1C'0

1C

10
1G

)G

1C
p

1G

9.9 x 100

1.3 x 10
1.4 x 10
5.9 x 10

21.1 x 10"
1.1 x 10
3.8 x 10
6.2 x 10
5.3 x 10
8.2 K 10
8.9 x 10
7,6 x 1G

I 4 x 10
4.7 x 10"
4.3 x 10
2.2 x 10
4.0 x 100

4.3 x 10
5,1 x101

Yer

Yer

Yee

Yes

Yes

Yea

Yes

Nuclides are excluded as critical dose contributors if when added to the
remaining non —critical nuclides they contribute less than 5~c of the
hypothetical ha,zard index dose.
Release fraction for a. 24 hour release includes only the prompt release
source from Appendix C.

Release fraction for a 30 day release includes the prompt plus delayed
release source from Appendix C.



the product of the integrated population dose for a liquid
re1.ease accident in a river and Lhe probability of. a major
liquid release acci.dent was used to produce a conservative
estimate of the population risk due to liquid releases during
barge Lrarrsport. Population consequences were specifically
estin>ated for a release from a spent fuel cask to a river with

5a medium l'low rate which is used as a water supply by 6 x 10
„'Ipersons

l)e«arrive oi'he .'low probabi lity of occurrence of a.

liquid release event dur1rrg spent fuel transport and the small
l'racLion oi cask irrveni ory re1e;rsed, conservative techniques
were used l.o produ< e 1irst orcler estimates of the disper-
sion o.l'adi onucl ides and .i.ndi vidrral doses Lo the population
n L ri "k fr om var ious l iqu i d p;r.tllw'.l.ys~,

lrypoLhetical river wi.th cc 2. 8 x 10 (m /sec) flow rate2 3

n.»d an ;rverage flow area of l x 10 m

The EPh's frrel r ycle irnpacL analysis~ ) assumes a,
poprr1.n,ti.on rlensity n I 2. 0 x l0 persons/km on major
U.S. rivers. The release is assumed to be eifective
300 km clownsLre;un such Lhnt Lhe at risk populationis 6 x l05 persons. The distribution is arrived at
by dividing the number of people in the U.S. living
:in 1arge river waLerslreds by the length of rivers
over 600 miles in 1ength.

j Wlr1 1 o .1 urge seal e averaging of clispersion, uptake, ingestion,
:rrrd population makeup par'rrneters could underestimate the
rlrlx i mum:i ndiviclua1 doses sus i.n i ned in an accident, the
valrres rrsed for these parameters are believed to be con-

servativee

enough to overes'timate the overall population
dose.
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The methodology used to estimate individual doses
was essentially that puL forth by Lhe NRC .in its guide for
ca.lculation of doses due to routine releases ol'eactor
el'fluents RG 1.109. The ens»ing sections discuss indi.—(6-2)

vidual doses from a li.qu:id re'l.ease which enters the food
chain through the drinki.ng water, l'ish, and irrigated 1'ood

pathways, and whi.ch a1so causes exposure to Lhe publl.c from

slioreline desposits.

6 . 5. 2 .:I hsi;.Irnati on of Nuclide Concentrations in l,i quid
Pathways

I',!',

in order L'o deterr»i»e the quanLI.Ly ot s adionuci icle
avai.lable 'through vario»s dose pathw<'lys al Ler a 1e.lease to
water, it is necessary to esL in!ate the conce»tral.ion of'he
n»elide at a point dew»stxeam from the accide»t where the
contaminated water en Lers I.he food chai.n.

In. a ri.ver, Lhere are a n»mber of factors which af'I'ect
'the dow»stream concentrat.ion ol a nucl" de in( i»ding the source
sirenth, the size of the ~iver (average veloci.ty, width, and

flowrate), the turbulent dispersion o.l the liow, Lhe nucii.de
decay rate, and the distance downstream from the source. The

)I

ratio of the downstream concentration t.o the initial concen-
tratio» of the »uclide i.s Lhe dilution factor.

Downstrean> dilirtion in a, medium f:I.ow rate river
(280 m /sec) is estimated in the HPA's fuel cyc'ie impact

(6-14)analysi.s simply by assumi.ng that mixing is complete,
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taking the reciprocal of the flow rate and allowing an

additional dilution factor of 10 due to downstream tributary
inflow. Thus i'rom EPA methodology

4 Ox 10 (—2)X -4 sec
Q

m

The equivalent coefficient'sed in the NRC's liquid pathway

dose equations in RG 1.109 is M/F where M is the dilution "

factor and F is the flow rate of contaminated effluent. For
the case of releases from a spent fuel cask into a river, F

is the flow rate through the cask.

A rigorous methodology for estimated downstream

nuclide concentration (CM) in a. river is presented in
RG 1.113. Elowever, the results of Appendix D suggest(6-15)

that the flow can be considered completely mixed and the
concentration uniform across the channel with'in 20 mi down—

stream of'he source. Thus in the medium flow river of the
HPA study the steady state downstream concentration is

F
M I 280 (5)

where CI is the initial concentration of nuclide leaving the
cask. Since

M
M

C (6)

then

3.6 x 10 (—)
M —3 sec
F 3

m



Assuming a further factor of 10 for tributary dilution Ds

was done in the HPA methodology the dilution factor is

3.6 x 10 (—)M -4 sec
F 3

m

which is essentially identical to the HPA dilution coefficient.

NRC dose equations for liquid pathways are expressed

as functions of the downstream concentration of an individual

nuclide, C. (pCi/R). The downstream concentration is given
1

by the equation

C. = 3.86 x 10 .Q. -"e-4 M i c
i i F

where

X.i
c

3.86 x 10

amount of nuclide released during
accident (Ci/mth)+

—1decay constant for nuclide (hr )

average transit time between point of
release and point of entry of con-
taminated water i.nto dose pathways
(hr )
a conversion factor (

m — mth — pCi
~
—)sec — Ci

In. this study the accidental release of nuclides
from a spent fuel cask to water is modeled as a release to
a river for a period of 30 days. The 30 day release is con-

sidered an upper bound on the time needed for cask recovery.
Table 6.6 shows the downstream concentration for nuclides

during a 30 day release which are potentially significant
contributors to one or more oi the liquid dose pathways.

Ci/mth = curies/month
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Table 6.6. Downstream Concentration of Critical
Nucl ides Following g. Spent Fuel Cask
Rel ea.se to a River (30 day release
time assumed)

Ci it ical
Nuclide

q

(Ci/mth) (hr 1)
T c

(hr)
C.i

(Ci/IL )

Sr-89
Sr-90
Bu-106
Cs-134
Cs-].37
Cm-244

1.14x 103

7.6 x 102

1.18x 10
1.83x 10
1.09x 10
1.71x 103

5.7 x 10
2.9 x 10
7 9 x 10-5

3 4 x 10
2.6 x 10
4.5 x 10

1.5 x 102

1.5 x 102

1.5 x 102

1.5 x 102

1.5 x 102

1.5 x 102

1.45 x

1.06 x
1.62 x
2.53 x
1.51 x

2.37 x

10
10
10
10
10
10

with a flow rate of 280 m /sec3

the cls y ca.sk inventory o.f a. nuclide multiplied by the
day release frac tion Q.. = IC, ~ rl . (30 day)I Ci Li

30

6.2. 5. 2 Dr i nki ng Wa Ler Pa Lhway

The indi.vi dual dose from the drinI'ing water pa.thway
is estimated using the equation (from RG 1.109)

RD „ = U C..
i=1 wbd.1

(8)

whel e

the whole body,,dose accumulation factor for
wbd; an ingested .nuc'lide (rem/pCi)

UD
= the quantity of nuclide contaminated water

ingested by an . average adult member of the
exposed populati.on (IL)



Table 6.7 shows the contribution of significant nuclides to
the whole body dose for an individual exposed to nuclide
contaminated water for a period of 30 days. The whole

body dose accumulation factors;for nuclide ingestion are
taken from Killough. The quantity of water ingested(6-16)

monthly is extrapolated from RG 1.109 which gives a yearly
ingestion quantity of 370 liters (iE,).

Table 6.7. Individual Whole Body Dose From Drinking
Water Pathway Following a Spent Fuel Cask
Release to a River

Critical
Nuclide

Sr-89

Sr-90

Cs-134

Cs-137

Cm-244

C1

(pCi/i8,)

1.45 x 10 4

1.06 x 10 4

2.53 x j0
1.51 x 10

—3

2.37 x 10 4

Dwbd.

(rem/pCi)

8.7 x 10

1.7 x 10

7.5 x 10-2

4.3 x 10

3.0 x 10-2

UD RDwbd.1
(rem)

3.0 x 10 3.78 x 101 —5

3.0 x 10 5.41 x 101 —4

3.0 x 10 5.69 x 101 -3

3.0 x 10 1.95 x 10

3.0 x 10 2.13 x 10

RD bd
= 8.43 x 10

6.2.5. 3 Fish Ingestion Pathway

The individual dose from ingestion of fresh water

fish harvested downstream from a cask release source in a river
is estima~ed using the equation from RG 1.109

wbd F . i D . F.i=1 wbd.
' (9)

i
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where

UF

BF
1

quantity of nuclide contaminated fish
ingested by an individual of the exposed
population (kg)
bioaccumulation factor for freshwater
fish (R/kg)

Table 6.8 shows major dose contributors to the
whole body dose from ingestion of freshwater fish. Bio-
accumul.ation iactors for strontium, cesium and ruthenium are
taken from RG 1.109. The adult i'ish intake for a one-month

period is 0.57kg and is extrapolated from RG 1.109 data. Notably

because cesium has a high bioaccumulation factor in the fresh-
water fish pathway, Cs-134 and Cs-137 are the dominant contrib-
utors and the individual dose from ingestion of freshwater fish
is a factor o.f 34 higher than .for the drinking water pathway.

Tab1e 6.8. Individual Whole Body Dose From
Freshwater Pish Ingestion Following
a Spent Fuel Cask Release to a River

C> a i. >ca)
Nucl ide

C. CL U

bd. F
i

(UCi./R) (rem/i>Ci) (kg)

BFi
(a/kg)

RF
bd 1

(rem�)

Sr-89

Sr-90

Ru-106

Cs-134

Cs-137

1.45 x 10 8.7 x 10

1.06 x 10 1.7 x 10

1.62 x 10 3.2 x 10-3 —4

2.53 x 10 7.5 x 10

1.51 x 10 4.3 x 10

.57 3.0 x '10 2.16 x 101 -5

.57 3.0 x 10 3.08 x 101 —4

.57 1.0 x 10 2.95 x 101 „—6

.57 2.0 x 10 2.16 x 103 -1

.57 2 ' x 10 7.4 x 103 -2

6.2.5.4 Shoreline Deposi.ts

RF bd 2.9 x 10 rem
—1

wbd

The indivi.dual dose from exposure to shoreline deposits
is calculated using the following equation from RG 1.109,
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N

RS bd
= US'.'

i=1 wbd.1

(10)

where

S. = the effective surface contamination of
the shoreline (uCi/m )

0S the dose accumulation factor for exposure
wbdi to shoreline contamination

US the length oi time in which an average
adult is exposed to shoreline contamination
as a result of the release (hr)

The effective shoreline contamination by a nuclide (S.)
is estimated using the relation

2S. = 1.0 x 10 C. T. W ~ (1 — e )1 i i (11)

where

the half-life of the nuclide (days)

a shoreline width factor for a river shore-
line (dimensionless)

b

1.0 x 102

the length of time in which sediment is exposed
to contaminated water (hr)

a conversion factor (R/m — day)2

The value of the shoreline width factor is given in RG 1.109
as 0 2. The value of vb used is 720 hours corresponding to a
one month release. Values for the dose accumulation factors
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due to shoreline deposits are also given in RG 1.109. The

length of time in which an adult is exposed to shoreline
deposits is taken from RG 1.109 as 8.3 hrs, a yearly exposure,
since it is unclear how persistent the presence c f radio-
nuclides on the shore sediment would be,

The individual dose due to shoreline deposits from

dominant nuclide contributors is shown in Table 6.9. Domi-

nant contributors to the shoreline dose are cesium and ruthe-
nium. Notably the individual dose due to exposure to shore-
line deposits is a factor of 300 smaller than the dose from

the drinking water pa.thway.

6.2.5.5 Irrigated Foods

To determine the dose to an individual as a result of
ingesting i ood which is irrigated with nuclide contaminated
wa ter fol i owing
from RG 1.109 as

N

1=1

+ U It.(Mi

where

a liquid release, the following set of equations
e used. The whole body dose equation is

N

Iv. D . Ic(hie) ~ Ie(IIC) . Di wbd. i=1 ' wbd.1 1.

N

) =1 Ia(Mi) D
b

C . a
v=1 ' wbd.'1

U = the quantity oi nuclide contaminated vegetableIU matter ingested by an individual of the popu-
lation exposed to the irrigated food pathway
af"ter a liquid release accident (kg).

U = the quanti.ty of nuclide contaminated meatI a.(Me ) inges ted by an indivi dual of the popu~)lation
exposed to the irrigated food pathway after
a liquid release accident (kg)
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Table 6.9. Individual Whole Body Dose From Exposure to Shoreline
Contamination Following a Spent Fuel Cask Release to
a River

Critical
Nuclide

C.i
(pCi/R)

(xS
wbd .i

rem pCi—/—hr 2
m

US

(hr) (days)

RS

(rem)

Sr-89

Ru-106

Cs-134

Cs-137

1.45 x 10

1.62 x 10

2.53 x 10

1.51 x 10

5.6 x 10 8.3
1.5 x 10 8.3
1.2 x 10 8.3
4.2 x 10 8.3

.2 5.05 x 10 2,3 x 10

.2 3.7 x 10 8.1 x 102 -6

.2 8.4 x 10 1.0 x 102
4'2

1.1 x 10 2.2 x 10

RS = 1.3 x 10-4



U I.a(Mi) the quan t i ty o f nuclide contaminated milk
ingested by an individual of the population
exposed to the irrigated food pathway after
a liquid release accident (k)

CI the concentration of nuclide in vegetable
matter which has been irrigated with nuclide
contaminated water (pCi/kg)

CIa(Me ) . the concentration of nuclide in beef cattle
which are fed with nuclide contaminated water
and forage irrigated with nuclide contaminated
water (pCi/kg)

C Ia(Mi ) . the concentration oi nuclide in milk from
catLle which are fed with nuclide contaminated
water and forage irrigated with nuclide
contaminated water (pCi/R)

wbd.1

the whole body dose accumulation factor for
an ingested nuclide (rem/pCi)

the whole body dose to an individual due to
i.nges Lion o f'ood irrigated with nuclide con-
taminated water after a. liquid release

The concen'LrRLion of
(C ), is deL'ermined froni LheIv.i .'tEi er. (1-e )lv.' Y .)E1 v Ex

fl'6I, '(l-e )I Ivi
p ~ A.

-A. t
~ e h (13)

a nun l ide in vegetable matter
equation

where

the
average

irrigation rate for irrigated
land (R/m -hr)

Lhe fraction of deposited activity retained in
crops, leafy vegetables or pasture grass
(dimensionless)
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the fraction of time yearly in which crops
are irrigated (dimensionless)

the sLable element transfer coef f icienL for
nuclide uptake by soil (dimensionless)

the time period during which soil is exposed
to nuclide contaminated water (hr)

the time period in which crops are exposed to
contamination during the growing season (hr)

the effective rate at which nuclides are removed
from crops (hr )

+i w

the nuclide removal rate constant for physical
loss through weathering (hr"- )

Y the agricul tural productivity per uni L area
(kg/m )

h Lhe time delay between crop harvest and ingestion
by man (hr }

the effective surface density of soil (kg/m )
2

The concentrati.on of nuclide in animal meat products
( Cl M

) is determined using the equationla(Me)i

C = F ~ C . q + C (l~)Ia(Me). la(Me). If. f law. aw(Me)I j, i 1

+ where

FIa(Me) . = the nuclide accumulation factor f'r meat
(day/kg)

C<f = the concentration of nuclide in animal
i forage or feed which has been irrigated with

nuclide contaminated water (pCi/kg)
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the forage or feed consumption rate for
range cattle (kg/day)

C I aw .1
the concentration of nuclide in animal
drinking water taken from a nuclide con-
taminated source (IjCi/IL)

aw(IIe) the drinking water consumption rate for
range cattle (IL/day)

'1'he concentra.tion of nuclide in milk irom animals

drinking contaminated water and eating forage or feed
.I.rrigated wi th contamina'ted water (CI,M., ) is determi")<:d

fron) 1he eq uat ion

where

I I ()I )
Lhe nuc 3 ]de accumu I ation factor for mi lk

i (day/IL)

the drinking waI.er consumption rate for
dairy cattle (R/day)

Input parameters used in equation 13 to determine the
concenLraLion of nuclides in ingested vegetable matter (C )Iv j
which are scenario speci fic but do not vary for individual
nuc]ides are given in the .I'irst column oi Table 6.10. All
values excepL t and I are taken directly from RG 1.109. The

b
va]ue of t used .I.n the analysis is sn<aller than the value rec-

b
ommended in HG 1.109 because Lhe nuclide source is not chronic.
The vn Iue «I I:is an upper bou»d «n jrrigaL]on rate require-
ments I'or I rrigaI id I and <)aL'iona]].y.
*An average irrigation rate for irrigaLed ]and in the Ohio
river region is calcu'.I a ted to be approximately 2 x 10
IL/m —hr, while the average irrigation rate in the Columbia
Northern Pacific Region, where irrigation is more intensive,
is approximately 6 x 10 2 2/m -hr. (6-17)



Table 6.10. Input Parameters For Evaluating
Irrigated Vegetable Nuclide
Concentra,tions

Irrigated Vegetable
Matter Parameters +

Value Used to Value Used to
Calculate Ca.lculate

CI If.1 1

(hr )

t (hr)

Y (kg/m )
2

.25

2.1 x 10

1.44 x 103

2.0

.25

2,1 x 10

7.2 x 10

2,0

t (hr)

p (kg/m')2

th (hr)

I (R/m -hr)2

7.2 x 102

2.4 x 102

3.36 x j02

7.2 x 10

2.4 x 102

0

All parameter values except t and I were taken directly
from J',ogulatory r.uidc 1.109.
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Values of CIV for major contributing nuclides arevi
shown in Table 6.11. Values of the bio-accumulation factor
B for individual nuclides are taken from RG 1.109. Notably,

1
the transfer of nuclides from irrigation water to vegetable
matter is domi.nated by direct: deposition on foliage.

To determine the concentration of a nuclide in anima.l
furage or feed which results from using irrigated waLer (CIf ),1equation 13 is used with values for the input parameters given
in the second colun<n of Table 6.10. Only t and t differ ine h
value — pri n<..i pal ly be<".ause of L'he shorter times to induction
into the animal feed pathway. Values of CIf are also given

1in Table 6.11.

1L is conservatively assumed in Lhis study that animals
which ingest forage irrigated. with contaminated water also
drink contaminated water. Therefore

C C1
IBW. l (16)

T<> determine nuclide co»cen trations in meat and milk,
equations (14) and (15) are evaluated using a forag
sumption rate of 50 kg/day for beef and milk cattle
consumption rates of 50 R/day and 60 4/day tor beef
cattle, ~ espectively from RG 1.109. The results of
tion of equations (14) and (15) are presented in Ta

e con-
and water
and milk
the evalua-

ble 6, 12.
Bio-accumulation factors in meaL, (Fl <, ), and milk, (F . ),Ia(Me).
are taken from RG 1.109.
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Nucli.de Concentrations in VegetableTable 6.11.
Matter For Human Consumption (CI ) andIvi
Animal Forage (C ) Resu.lt.ing FromIfi
Irrigation With Nuclide Contaminated
Vla ter

Cri. tica.l C. A~.i HiNucl ides Slv,. CIv. If1 1.

(pCi/kg) (pCi/kg)

Sr-89 1.45x10 2.67x10 1.7xl0-4 '-3 . —2 5.49x10 5.80xl.O 4

Sr-90 - l. 06x10 -32.10x10 1.7x10 G.OOx10 4.92x10
—4 -4

Ru-106 1.62xlQ 2.18xlO 5.0x10-3 , -3 -2

Cs-1 34 2. 53x10 2. 13xj 0 ', Ox10
-3 -3 . -2

Cs —l,37 1.5lx10 2,.]0x,l0 1.0x10-3 , -3 -2

8. 67x10-3

1.40x10
-38. 55x10

7.37xlO
I)

I.IGx]O

7. Olx I 0

A]1 terms are defined under equation 13 in the
text

The dose to an individual .from each major nuclide
i.n the i.rrigated tood pa.thway and the total dose, is shown

i.n the last column of Table 6.13. The dominant contributors
are the cesiums with Sr-90 and Ru-106 accounting for an

additional 6/o. The i.ndividual dose from the irrigated foocl
I)

pathway is a factor of four greater tha.n the dose from the
drinking water pathway.
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Table 6.12. Nuclide Concentrations in Meat and Milk as a Result of
Cattle Ingesting Contaminated Water or Feed Grown by
Irrigation With Contaminated Water

Critical
Nuclide

C.

(pCi/R)
If.1

(pCi/kg)
Ia(Me) .1

(day/kg)

C Ia(Me) .i
(pCi/kg)

FIa(Mi) .i
(day/R)

CIa.(Mi).1
(pci/a)

Sr-89

Sr-90

Ru-106

Cs-134

Cs-137

1.45 x 10

1.06 x 10

1.62 x 10

2.53 z 10

1.51 z 10

5.80 x 10

4.92 z 10

7.37 x 10

1.16 x 10

7.01 x 10

6.0 z 10

6.0 x 10

4.0 x 10

4.0 x 10

4.0 .. 10

2.18 z 10

1.79 x 10

1.80 x 10

2.83 x 10

1.70 x 10

8.0 x 10 3.02 x 10

8.0 x 10 4

1.0 x 10

2.48 x 1Q,)-

4.66 x 10

1.2 z 10 8.78 z 10

1.2 x 10 5.29 x 10

all terms are defined under equations 13, 14, and 15 in text



Table 6.13. Individual Dose Prom Critical Nuclides Ingested Through the
Irrigated Food Pathway Pollowing a Spent Fuel Cask Release
to a River

Critical
Nuclide

Sr-89

Sr-90

Ru-106

Cs-134

Cs-137

(k8)

15.6

15.6

15.6

15.6

15.6

Iv i
(uCi/kg)

5.49 x 10

6.00x 10
'(

8.67 x 10

1.40 x 10

855 x 10

Ia(Me)

(k8)

7.8

7.8

7.8

C Ia(Me)i

(uC1/k8)

2.18 x 10

1,79 x 10

1.80 x Io

2.83 x 10

1.70 x 10

Ia(Mi)

(1)

9,0

9,0

9.0

9.0

Ia(Mi)i

(uCi/t)

aD,
wbdi

(rem/uCi)

RI
wbd

(rem)

3.02 x 10

2.48 x 10

4.66 x 10

8.78 x 10

8.7 x 10 7.84 x 10

1,7 x 10 1.65 x 10

3.2 x 10

27.5 x 1D

4.93 x 10

2.4 x 10

5 29 x 10 4 3 x 10
~

8 35 x 10
I

~all terms defined under equation 12 in tbe text RI 3.46 x 10



6.5.3 Consequences to a Population of a Cask Immersion
Accident,

Consequences to a population from a hypothesized
reiease to water are estima.ted in this section for the
purpose of evaluating rislc to the public from a liquid
release acc.ident involving spent fuel.

As sta.ted in Section 6.5.2 the total population
potentially exposed to consequences from a release to

med.lum flow rate river is 6 x 10 persons . Thus,5 (6-14)

since the river is assumed to be the major water supply,
the population exposed to the drinking wa'ter pathway is
estirna teel to be 6 x l.0 persons.

Tlio popil l lr t i on exposed to the freshwater f ish
ingesLion pathway is estimated as a. portion of those
exliosed to con tamiiiated drinlcing water.

Given Lhe cluantiLy of l'ish cnnsumecl yearly by an

.idult (HG 1.109) the percent of Lhis fish which is freshwater
caught cari be deLermined using Appendix C of the NRC generic

(6-13)report on liquid pathways . Table 6.14, reproduced from

Reference 6-13, shows Lliat if only commercia.l fishing is con-
sidered, approximately 3% o'i the iish caught (and consumed) are
freshwater. Alterntively, if recreational fishing is considered,
approxiniately 17% of the fish consumed are freshwa.ter caught.
To account for the fact that a. large amount of recreational
fishing occurs on small streams, lakes, and ponds which are
not parL of potential barge routes, it is assumed that 10% of
the fish c.onsumed in the U.S. is freshwater caught in streams
or lakes large enough to be part of a barge route. Therefore,

5for a population of G x 10 persons potentially af fected by a

liquid re1ease, 10% of their fish consumption is freshwater
caugh'L .
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Table 6.14. U. S. Consumpi.ion of Aquatic Foods *(6-13)

I"ish Product
Source

U. S. Commercial U. S. Reer«a t iona 1 I>npor Ls
1Iarvest Harvest

hlarine

Freshwater

1400

97

1600

770

2100

no
estimate

all quanti'ties are mult;iples of 10 lb.

lf. it is conservativ«ly assumed that ali 1'rest>-

w.<t.<;r fish consumed by a 1>opu]ation are local1y caught
then iO'fo of the fish ingested by an af.t'ected population o:f
6 x i 0 persons .is > ad i<>act,i v«l y con Lami»n L<=d. 1.;<i«i val «n L 1 y,

;> 1 1 the f I sh .i ngesL«d by 10'f„o1'he a 1''<.c t<>d 1>op<tlat Ion, or
46 x 10 persons, i s ra<i i oac Li v«ly con Laminated.

For the shoreline sediment pathway, the population
exposed to shoreline sedi.ment contamination is nssumed to
be the same as the population exposed to drinking water

5contamination and is taken to be 6 x 10

For the irrigated food pathway, an estimate of a
percent of the population which consumes animal and vegetable
matter grown wi.th radioactively contamina.ted irrigation water
can be made by estimating the percent of crop and pasture
land in an average watershed which is under irrigation.

For watershed regions east of the Rocky Mountains,

where barge transport of spent fuel is feasible, a national

6-38



Table 6.15. Fraction of Land Under Irrigation In Water
Sheds East of the Rocky Mountains(6->7)

Watershed
Region

Total Crop ~ 1"raction
and Pa"ture I md Irrigated

North Atlantic Region

South Atlantic-Gulf Region

Great I akes Region

Ohio Region

Tennessee Region

Upper Mi ssi.ssippi Region

Lower Mississippi Region

Souris-Red-Rainy Region

Northern Missouri Region

Arkansas-White-Red Region

Texas-Gulf Region

23357

40963

27324

47260

8141

73907

3 6685

19057

254850

9 8190

79713

1.33xlo-2

3.66x10-2

5.13x10

1.16x10

2.46xlO

1.89xlo

5.39xlO-2

7.87xlo

2.90x10

3.87xlo-2

6.90x10

689447 2++ $3.06x10

] 0 acres3

total arabLe land
*++ wei ghted average using % of total arable land in water-

shed region



assessment of water resources indicates that approxi-(6—17)

mately 3% o'f the land is irrigated. Thus, ii the assumption
is made that the buli'f farm products grown locally are
consumed local ly, tlien 3% of lIie vegetab ie mat ter nnd animal

5tissue consumed by n, popul.ation oi 6 x 10 persons will be
irrigated with conLamin;ited wu ter. Equivalenlly, 3'fo of the
population or 1.8 x 10 persons consum'e the entire irrigated
portion ol'he crop.

The weighted average method ol'stimating the popu-
laLj(>n af fected by i rrigiited crops excludes several important
influences such as the use o.f well water i'or irrigation, and

the use of irrigation .!or growi ng 1arge non- I'o(i(i crops such
as cotton, and no tionai distribution oi'ocal:ly grown beef
and i rrigiited .I ood, A l.:I I;hesu I'actors, li(>wever, .indi. cate that
Lli( «s timate of the exposed poi>ii.l n Lio» is conservative.

The consequences (> I' cask i mme rs ion;icci dent are
gi ven in Table 6.16. Thus(. consecJuences (11 e calculaI;ed using
the individual doses calculated in Section 6.5.2 and the popu-
lations exposed to euch dose pathway. NoLably, the freshwater

"j:(.I

I'ish "ingestion pathway dominntes the population dose due to
the h.i.gh accumulation factors ior cesium in I'reshwater f ish.

lt should Lie emphasized that the estimates of popula-
tion dose for the cask immersion accident do not take into
consideration a number of'actors which would mitigate the
resu] ts. These factors include the I'o] lowing:



Table 6.16. Consequences to An Exposed Population
From a Cask Immersion Accident.

ose Pathway
Average

Individual
Dose (rem)

At Risk
Population

Population
Dose

(man-rem)

Whole Body Dose
Risk to Public

man-rem/reactor year

rinking water

freshwater fish

8.43 X 10 6.0 X 105

2.90 X lp-1 6.p x 10

5058

17400

2.6 X 10

8.9 X 10

shoreline
deposits 1.30 X 10 6.0 X 105

1.8 X 104irrigated foods 3.46 X 10

78

623

4.o x lo 9

3 2 X 10-8

Total All Pathways 23159* 1.2 X 10 *

* The probability of this consequence is estimated at 5.1 X 10 per reactor year.



a) Ir»mersi on o.f tire c;isle i n;i river i'rom whi ch
'rinkingwal.er is <lrawn .is n worsL < aso c<>n-

di Lion. I'stimates o.f. gener i.c barge route
mi I cage i n Sect.i.nn 1.0 weigh teel by i;he nurr>ber

ol poten L la 1 ii Li 1 i. ty si Les along the route
indic:ite Lir.iL a m;r.x.imurn of 44"N'> of «11 barge
mileage would occur in ri.vers used a.s wa.ter

supplies. In additi
are estima.Led ba.sed

on, populaLi.on consequences
on a cask immersion time o.f

30 clays, even though a cask woirlcl probably
be re tr i evecl much f'>ster.

(I

b) CalculaL1<>ns o.l'adioactive soirrce strength
are based on free flow of water through the cask
and complete mixing wi th river wa. ter. The

flow area used in the consequence evaluation is
equivalent to an extremely large break not
likely to exist even if 'the c>ask inLegriLy were

coi»1» omi s«l. S 1 nc<.'he cask 1 s a. iso 1 i ke1y L<> be

birr i e<l <ie<>l> 1 i> scil i »ren L, <'x<.h;rnge <> i'aLer .in

Lhe cask woii 1 cl b<> severe 1 y l. imi 1 ed, signi f ican Ll y

recluci irg l.h< exl>e<'L'ecl solll'«::='L1 ellgLlr.

c) The au»our> L of time necessary l'or. reaction by

loca.l authorities a.nd water supply districts
is small compared to the amounL of time needed
for a. spill to sprea.d downstream. A release

'I

in Lhe river model used in this study would

required 12.4 days to travel 300 km. In the
event that a. release were to occur, it can
reasonably be assumed tha.t most loca.l wai;er
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supplies would have switched to emergency

sources after o. short time and that there would

be a limited uptalce of radioactively contamino.ted

drinking water thereo.fter. In addition restric-
tions on fishing o.nd the use oi river wa,ter for
i rt igttLi()n wou1.d I'urther mitigate the consecluences
of L'h<'='e 1)ttLI>wt.ys.

6.6 Ri sic to the Public I'rom Intermodal Transport of
Spent Nuclear I"uel

In Sect i.on 5.0 the p) obobili ty of a signif icant
t el.ense to water os t result of o. spent fuel shipping acci-

-1.1
<l<'nt wo: given os 5.1. x 10 /R-yr. Using the estimate of
wt< Ler t el e;tse < ottseq<tences frotn Tobi e 6.16 the risk to the

-6
p<tbl.i c, i.s 1.18 x 10 nton-rem/R-yr from water release acci-
det) ts. I t'()tn Tttble G.'1, t'isk to Lhe pub I i c I'rom air release occi.—

-8
den L's dttri ng i n L'erntodal. t t'anspor L:is 1 .4 x 10 mon-rem/R-yr .
'I'he refore the I'o L'tt l. r i sic Lo Lhe p«b I i c I rom intermodo 1 trttnsport

-6
spent I'(<el.:is 1. I B x 10 nltrtl )'etll/R. yl

'1'o Lo1 risk L'o the publi c from air release acciden ts
-7

dttri ng r ti1 t t;tnspor L is 3.7 x .10 mon —rem/R —yr', whi ch i s
I't«:I.<)t ol'6 gre;ti,er Llt;tn Lhe ) i sic f~ om air releases during

i t< I ctrmc><l.t I t. t't»tsI>ot'I.. Iloweve r, bee(tuse risk f rom barge trans-
p<>t L is clo<ninu L(..d L>y Lite wo.Let rele<tse 'tccident the total risk
I t'(>nl I lt Let'tn()d(1 1 t t'(< I) sl)()1' I s 't f tl(.'(>l' I thl ee 1 '< rgex''hall 'Lhe

t i sk I'1'<>nl 1. t'(lit si)or L by t".t. i 1 t<1(>nc;.

* IUhole body doses only



The dif ference I n Lhe risk numbers calculated .1'oz.

i n termodal and s tric Lly rr I I Lrrrnsi)or L is noL signi f ican
L'incea.ll probability esLImal.es used i» tho sLudy are

or'cler-of-magnitude estlm;<.L<.s <)rrly. I'urLhermore, Llze

risk due to spent, fuel t.r arrspor't hy el Lher mocle i.s
negligible wizen i L is comp;<reel wi I.h Lhe average rislc
due to light water reacLor operaL:I.on (24. S mar)-rem/R-yr for
a PWR ancl 20 nran-rem/li-yr I'.or a BWR ['oll) rel'erence 6-1) .

Tzzble 6. 17 )llows Lhe z'isk to tile pub I Lc foz'l. 1885
pop() 1 aLi.on o I LWRs as a z <.su j t of'pent .I'uel L'ranspori,ation
l n I.hree tr;rr)sporL mix s<.er)arlos (lescriL)ed in Section 1.0,
'I'o L;r I ri sk fur Lhe esl, in);< I ed 1985 l)opu I at I<)n <) I'01 re;rctors

—3r
r';< ()I.;es f.'r<)n) 7. 9 x 10 rn;rn-renr/yr .I'or th<. scenar i o in whiclz

5% <) I'he sp(-.'r) t I uo I ger)er",r I.ed ann<ra I.ly .I s I.ra))sported .i nter-
moclz).I.ly to 1.3 x 10 mar)-r em/yz for a scenario .I.nvolving
Ire;<vy use ol'nLerrnoclal I,r ar)spor L (~l0% o I al l spent fuel
L r«.<1 81')or Le(i ) ~

P:I gure G. 1 shows Lho procli c teel vnriati on in ri sk
I () I lre publ 'i c, lor ligh L a))el I)cavy rrse o I'in termoda 1 transport,
A I s() shown I:ol con)par.r soll

> cl1. c Lhe rescrlts 0 I: Iloclge an(1

,Ja r r <: I, L who modeled aj r re lea.ses I'.rom the wet ca.sk a.nd
(6-3)

a."r»rrmed li.ghL use oi'nter))i()(lal I.r>.nsport. The di.f ferences
In risk predicted by these two studies for Lhe light use

-5
r~'c<.;r)ario.I.s less than 2 x 10 man-rem/yr. This difference

irr predicted risk is not the resul t of analysis oi'he wet
cask design in Rei'erence G-3 since the air release risk from

a. wet cask estimated in this study is identica,l to that of a
d) y cask arrd liqrr:I.ci re.1erzse risk can l)e shown to be nearly
i den ti.cal:for wet and clzy casks.



Table 6.17. Public Risk From Spenz Fuel Transport Accidents for a
1985 Population of LWRs

Transport Mix
Risk From

Rail Tra,nsport

(man-rem/yr)

Risk From Tota,l
Intermodal Tra.nsport Risk to the

;, Public
(man-rem/yr)

5% Intermodal-light use
scenario (10 units of a
possible 191 in 198o
serviced. intermodally)t

6.7 x 10
-51.2 x 10 7.9 x 10

40% Intermodal-heavy use
scenario (76 units of a.

possible 191 in 1985
serviced intermodally)

4.3 x 10 9,0 x 10 1 3 x 10

80~a Intermodal -upper
bound (153 ui':its of a
possible 191 in 1985
serviced intermodally)

1.4 x 10 1.8 x 10 1.9 x 10

* Assuming dry casks are used for a,ll transport operations,
1985 population of U.S. reactors is assumed to be 191 (Section 1.0)
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The results of this study are compared with the
results of other risk studies of spent fuel transport in
Table 6.18. With the exception of Hodge and Jarrett the
results are smaller than estimates of risk taken from

oLher studies. (6-18, 6-19)



Table 6.18. Comparison of Estimates o.f Public
Risk From SpenL Fuel Transport Accidents
From Several Sources

Source Scenario
Whole Body Dose

Risk to Public
(man-rem/yr)

AII'/NESP-014
September 1978

I,ight Use of IMSI'T

Scennrio (5',( Mix)

Ileavy Use o f IMSFT

'cenario (40; Mi.x)

7.9 x 10-5

1.8 x 10

11odge Sc Ja.rre L t (6-3 ) i

( A! > i'! I 1 975 )
Air release only 6.2 x 10

C>.>hen @ I'!ance

( N»von>1>ei 1975)
Ai r. i el ease only I.4. 5

NURHG 0170

(Mare)! .!976)
The iise o f,i.!.!.
'Lransport !s
collsldered

2,2 x IO

* Cn:!culati.ons were made .I or a dry cask.
.! Population of reactors c-;pected to be opera tional by

1985 asestimated in Reference 6-3 was used .1.'or normalization

Based on the data provided in Table 5-8 of Reference 6-18
for population doses per 1000 MWe Yr normalized to the
estimated 191 reactors in the 1985 reactor population.

Incremental risk in study i.s given ior all spent fuel
transportation at 1976 level. Ri.sk was norm>alized to
a 1985 level by using a factor of 191/62 to account
for the larger number of reactors expected to be in
operation.
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7.0 ECONOh(IC EVALUATION OF WATERBORNE TRANSPORT OF SPENT
FUEL

7.1 Purpose and Summary

WaLerborne transpor.t of spent nuclear fuel has been
shown to be a safe method of shipment. This section explores
the utility of this mode of transportation by considering its
economic rami.fications.

This study co»cl «des that wa'terborne transportation
is more costly than land transportation in all cases evaluated,
Th.is is d«e mainly to the l<igh cost of cask rental whi.ch

results from the extended trip and turnaround time. The con-
clusions of Lhis sLudy would be modified if;

«) i»dustry exp<=i i ence wi Lh intermodal tra»sport
i»cr<:uses, Lhereby i.ncreasi.ng the efficiency
of the transp<~rt pro<.ess and reducing transport
cos Ls

b) Lhe cosL of z ai1 transport increases with
respect Lo waterborne transport

c) special o<l«ipment and procedur<..s are developed
to facili.tate transfer between land and water-
borne modes

7.2 Use o t Generi c Rou Les

The c<>«<pn <''L:ive mi 1 cage of three generic spent fuel
LranspurL ro«Los are shown i» '1'able 7.1. Two oi the routes
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Table 7.1. Generic Spent Fuel Transport Routes
Considered in Economic Evaluation

Generic
Route Description

One Way Intermodal Route
Distance

Rail
Waterborne or (b) Total

I6iT
(mi)

~

(mi) (mi)

Equivalent (a)
Rail

Distance

(mi)

Utility site on or near
Great Lakes to Oak
Ridge, Tenn.

Utility site on Chesa-
peake Bay to Hampton
Roads, Va , rail to
Barnwell, S.C.

1,647

110 . 450

1,658

560

1,161

560(')

Utility site on N.Z.
Atlantic Coast to
Barnwell, S.C.

1,469 15 1,484 1,039

a Equivalent rail distance is the distance by rail between two endpoints of a cask
trip for which a waterborne route has been defined.

b Heavy haul truck.
c Rail or trucl- mileage is assumed to be the same as the waterborne distance due

to the short distance and directness of the waterborne link.



are representative of long distance routes between reactor
units and receiving facilities. Both of these are nearly
totally navigable by water. The third route consists of a
short waterborne segment from a~reactor to a rail head at a

major port and completion of the trip by rail. The third
route represents a, near term need contemplated for waterborne
transport; i.e., to provide a means of using rail size
casks for spent fuel transport when no rail access to the
utility site exists.

Table 7.1 shows equi. valent disLances for transporting
spent fuel strictly by rail. or legal weight truck (LWT).
In order to account:I.'or the .lacL Lhat waterborne routes are
less direct and longer than overland routes, the equivalent
rai I Illi leage for .r lorrg wa'te1 bol rle route is determined by

using a factor ol.'.7. This factor was established by com-

pnri ng point- to —po.l.rr t ~ ai I and water distances between given

map points. Naterljorne distances wer e evaluated as part of
this analysis (see Appendix A) and rail route distances were

ob tai ned .irom commerc:la'l. carriers. The 0. 7 equivalence
factor is also used to determine trrrck route distances.

C~erreru 1 Def ini tions and Modeling Assumptions

I'Or pu rposes of rlrodeli ng un i formi ty, a "trip" is
def l rrerj;.rs transporting two empty casks from the receiving
faci li Ly to Lhe utility, lo rding them and returning with
the loaded cnslcs to the receiving faci.lity. A trip has
three main cost accruing phases.

A comparison with truck route distance schedules made
after this work was compleLed resulted in.a factor of
0.65, i.n reasonable agreement with the initial assumption.

7-3
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a} conveyance — the pha,.".e of the trip in which

the casks are carried from one point to another
by a primary carrier

b) turnaround — the phase of the i;rip at either
end oi the journey in which the casks are
removed irom the primary carrier, moved to the
site, loaded or unloaded, and returned to the
primary carrier, In Lhis study, a trip will
be assumed Lo have two turnarounds, one at the
utility and one at the receiving facility.

c) intermodal transfer — the phase of the trip in
which the casks are transferred from one primary
mode of conveyance Lo another nt some inter-
mediate poinL in the journey.
term "intermoda] trans fer" is inexplicit since
it implies transfer from any mode to any other
mode. However, as defined in Section 1.0, inter-
modal transport i.nvolves the use of barge and

rail or i;ruck so an intermodal transfer here applies
to a. mid-trip barge/rai.l or rail/barge transier.
Generic :intermodal route 4 requires an inter-
modal transfer

Q

For transport by barge, turnaround at the utility consists
of removal of the casks from the barge, transporting them
to the spent fuel building of. the facility, filling
the casks, returning to the barge and securing. Com-
parable transport by rail'hen no rail access to the
site turnaround exists, consists of taking casks from
the rail head, transporting them to the fuel load out area.
access, filling and the returning oi'he loaded casks
to the rail head.

1

,
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Several sources of cost were identified for the com-

parative cost study of the various transport modes. Some

of these sources of cost affect all modes of transport and

some affect only 'one mode. The total cost o ps ent fuel
shippi.ng service for one reactor was calculated on a

yearly basis.

A spent fuel shipmen requirements for a 1000 MWe PWR

consist oi Lhe transport of 65 assemblies per year between
Lhe utility and receiving facility. The reference rail cask

10 PWRiised in this evaluation is a dry cask which holds
n.ss eill.issembli.es or 4.5 metric tons of uranium (MTU), thus a spent
luel shipmenL campaign would require transporort of 6.5 cask
loads yeaIly., IL was assumed that two casks would be con-
veyed by a si.ngle barge per trip and two casks would be
conveyed per train per trip. Therefore, a full campaign by

either mode using dry casks involve'.25 trips per reactor-

The wet cask holds seven assemblies, or ...TU.

Thus a campai.gn to service one reactor usingsin wet casks would

require 4.7 trips per year.

f
«hn LWT size cask hold'."'. one PWR fuel assembly . There-

fore a spent fuel shipment campaign by L'WT would require 65
trips per reactor-year.

* The cost calculations in this section, in the interest
oi simplicity, consider only shipment of dry ca'sks.
For example the NLI-I/2 dry cask and the NFS-'4 wet cask.«

««
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Elements of,'ost,f.'or >/arious Spent I'uel Transpor.'t
Modes

The 'e:.!: !;>e!!Ls o I.'(>s L I.'or'a('ll t.! l.p phn.se f'o! severa 1.

nli I'1'ere»L modes of sh.ip>n(:!»t ar e show» i.n T.!b.le 7.2. These
cos I. el e!nents are discussed I nd I v I dual I y in the:I'ol lowing

, (:ct;.!ons. All costs are gi.ven in 1977 dol I.ars.

7..1.1 Sour(.es of Cosf.s f.'or InLermoda.l Transport

7. I..I . 1 W».Lerborne Conveyance Costs

Spel'! L Izlel 'L l.'a»spor' cos Ls .I ol Lhe barge collveyrlrlce

phase of i n'termoda I transpor L ure .I.urge 1y r! .function o f

eq»ipmenL rental costs. These cosLs include renLal fees
for the casks ar!d barge. The rai:I conveyance (freight)
charges are added Lo the r e» I ai I'ees for Lhe c!sks zznd

b a.r ge to (.'.o!npu t e t.o I.:!,'1 c(>rr v e y an c(; cos Ls,

I Her! LaJ of.'. weL (..ask was quo Led by co!mnercia.l. sources
as $3.0K/day ' Rental of a dr y cask was quoted as*(7-1)

$3.5K/day . In both cases, the vendor used a sliding(7-2)
(cos't Heal e Lo provi de a. di:coun L ing capab I 1 I ty for long term

cornmi.L'menLs. In 'thi.s .study, a'ry cuslz re»L'al fee (R )
i':I.'3.5K/daywas used for cal 'ulati.ons o:1'ost.

Costs for barge'onvey>ance (Rb)
b;(sed 'on a $1.5K/day sei vice charge for
crew. (

were calcula.ted
the barge, tug, and

* The notation used here i.s $3.0K/day
$118 ~ $1,000,000.

$3, 000/da,y; s i.m i 1ar 1y
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Table 7,2. Elements oi Cost by Trip Phase I'or
Three Spent l<uel Transport Modes

Eenersl
Cost Sources

Special Elements of Cost

Barge-lntermodal Aail Exclusively LWT Exclusively

conveyance ~ spent fuel con-
tainmdnt

~ cask (rail sisal ~ cask (rail size( cask (truck size)
rental rental rental

f t'el'ght ing ~ barge rental

I <I I «md<gus

~ train uhtp-
ment. Char((es

~ t;ruck t'relght
c 1 'la rg 0s

~ spent fuel con-

tea

l

usl�
« n t

~ cask rentat

t nte<n)odd l
transfer

~ transfer. charges ~ trdnster equip-
s<sit rental
tide'«l')e<-
sonnel «halqes

l.i«I< nd< v 'uln
~lent costs

halgu <un<El

turnaround

~ spent. fuel con-
te i <le<en t

~ transfer, «harges

st.it<unary e<plip-
munt costs

~ cdpitdl Equip<sent
Costs

~ transfer equip-
ment rental
l'l'<ulster po<

'onnelcharges
~ trans('or e<tuip-

slen't du<'ug
cask load<ng
and unloading

~ loading and un-
loading equip-
ment construc-
tion cost

~ transfer «quip-
ment rental
tldnsfl.r P«r
sonnel charges

~ trdnsfet equip-
s«nt during
cask loading
and unloading

~ (natal(ed rail
access construc-
t<on co't

~ cask rental ~ cask rental ~ cask rental

~ truck detention
charges during
cask loading and
unload<ng
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Since the charges quoted above accrue by the day,

it was oi major importance to determine elapsed times for a

trip. This, in turn, required a reasonable estimate of
average barge speed.

Several conflicting estimates of average barge speed

exist. WASH-1238 assumes an average speed of 4 mph for(7-4)
(7-3)barge trips. Barge carriers indica,te an average barge

speed ol 9-11 mph for trips a,long the eastern seaboard and

on the lower Mississippi. Barge speeds quoted by the commer-

cial source may be optimistic for a national average(7-3)
since barge traffic on much of the east coast and lower

Mississippi involves comparatively open wa.ter. ThereI'ore, an

average barge speed of 7 mph (an average of the two estimates)
is used in this study to calculate barge and cask costs for
the transport portion of each trip.

Since a barge can travel 24 hours per. day, the cost
per mile was based on a dkily covered distance of 168 mi.

The total cost per mile for barge conveyance was calculated
+ Rb) '68 » q50,6/mi.

7.4.1.2 Intermodal Transfer Costs, Vsing Roll-On/Roll-Off
by HHT

rF'ransfercosts for equipment ren tal and~manpower

(R.t) for intermodal transfer using HHT were lynsed onit
estimates of labor, time, and equipment requirements quoted

(7-3,7-5)
by commercial sources. 'able 7.3 presents a break—

down of costs for the labor and equipment needed tn transfer
two casks from rai lcars to a barge using HIIT and equipment

rigged for roll-on/roll-off.
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Table 7.3. Intermodal Transfer Cost Breakdown for
Roll-On/(Roll-Off of Two Dry Casks by HHT

Cost Category Source
Rourly

Rate

(g/hr)

Daily
Rate

(2/day)

Cost of
Transfer

T»>o Casks
($/transfer)

transfer
pi.'rsonnl.'1
COli'ts

rigger(1)
Itr1»er(t)
superi>tsor(f )

operations
engineer(2)

16.
16.
20.
25. 1.44K 7.2K

transfer
equ lpnient
rentnl

haunt. r,
inc lull in g
I I'n c t.u I' n 0
dollies
I'I gg I ng
>.'qul 1)uielit
and radla-
t lou nioni-
torlng equip-
ment

150.

50 1.92K D. GK

>I I,I t 1
>>Ill>I'1'ill

Cg>
rental

1.5K 7. 5K

cask
ri'ntu1

35.0K

t » t li 1

1 rails
f>.l'ost

~ Including u 2>0% markup.

5>J. 3K



The intermodal transfer time (z. L) required to
Lrnnsfer two rail casks i.n either direction, given in Reference
7-3, wns the sum of 4.5 d zys for transfer Lime and 0.5 dny
f(>r equipmen t assembly.

Assuming n. 20% markup on equipment rental n.nd per-
sonne1 fees and considering that stntionary chnrges accrue
on Lhe barge and cask, the total cosL for. intermodal tznnsfer
ol' rail casks is: (2R, + Rb + 1.2 R.t) z.„ or $59.3K.c b it 1L

7,~l. l . 3 Tux naround Costs

7. 1.1.3.1 Turnaround CosLs lJsi ng lllIT

A henvy l(nul Lruck sysL(m is one ()p Lion for tl Jns-
porLi ng spent fue1 cnsks over Lhe short distances (<20 miles
one way) which chal acLerize the tul nnround poz-tion of inter-
mod(1 routes, Since l.urnnround is required .I'.or nny bnrge
shipment campa1,gn, we ;(ssume thnL'n eff.icient HHT trnnsporL
system similar to Lhe goosoneck uni L discussed in Section 2.0
woul.d be used.

The t:ime needed during turnaround to remove a cask
from the barge using HHT is less tlzan the time required for
barge/rail transfer since rnilcnr assemblies are not required.
llowevez, since the uti.lity site may be some distance from
navigable water there may be up to one day of travel time
bet.ween the barge slip and the loading n.nd unloading site. (7-6)

Total HHT turnaround time wns estimated by assessing
the amount of time involved in each operation, with operations
running concurrently whenever possible. The Lota] turnaround

7-10
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time 1'or n. two cask shipment at the utility was estimated to
be 7.5 days, assuming a 0.5 day t;ime to pickup or drop off
a cask with HHT equipment and a. 0.5 day travel time to I;he

site (Pig»re 7. 1). Cask pickup time estima.tes were quoted
(7-6)

by connnercial haulers who assumed that specially designed
gooseneck hauling equipmenL and quick release tiedowns were
us<>d. If a less efi'icient transfer, process were used, it
«oui.d add as much as 2 days Lo L'he overall turnaround opera-
t:i<>n. Also, a. 1onger travel Lime (one day to i;he site)
could:>dd rrs rnrrch as two days to Lhe total turnaround t:mee,

Using these figures; the mosL p<.ssimisLic prediction of turn-
arorrnd Lime was 1'ound Lo be 11..5 days.

Two es tin>ates oi'he ren Lal cost of HHT equipment
r>ceded for a Lrrr naround opera Li<>n were obtained. One esti.-

(7-~)mat.e of $150/hr wns sul>pl ied L>y an east coast contractor
Anot.her esLinrnte of $100/hr was supplied by a west coast

(7-6)crane <>peru L«r, wl>o a. s»>ned LhaL a specially designed
p ink<i p n rrra ngelnell L wo <I i d b<.. Used an<i no ex'Ll as, such as
escort vel> i eles, wor> Id t>e reqrrired. An average estimate of
$ 125/l» was used for Lhis study. The crew size and cost
est 1 m» Les were taicen l'ro>n Hei'erence 7-6. A crew is assumed
to consisL oI: one driver, one helper, one or two riggers and

one 1'ore>nan. Turnaround costs for equipmen t and personnel
(R ) was $ I.67K/day. ToLal tur naround costs were estimated

L

to l>e ('>Rc + Rb + RI) . T or $76.3K per turnaround. The
a r>nil» I ope>'n L i c na I cos ts f'r tus na round using liHT, assumi ng

An est im r Le of the time needed I <> Lransi'er three rn i 1
casks f.'r om a rail head Lo a uti] i. ty site 17 miles away
and return with full casks was quoted by a commerci<rl
cask rental so»rce(7- ) as approximately 9 days(7-12 days)
There fore, Lhe 7.5 day turnaround 1'or two casks is reason-
able but shorter times are possible.

7-1 I
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Operation Phase Ooeration Component

Cask 1 to Site 1 2 3 4 5

Cask 2 to Site 6 2 3 4

Cask 1 Return to
Barge

Cask 2 Return to
Barge

10 7 8 9

I I I I

3 4 5 6
Time (days! Sin "e Start of Turnaround Operation

I

7

Operational Components

1. HHT Assembly
2. HHT Pickup of Cask
3. HHT Transport Cask to Site
4. HHT Dropoff of Cask
5. Cask Loaded/Unloaded
6. HHT Return to Barge
7. HHT Transport of Cask to Barqo
8. HHT Dropoff of Cask @ Barqe
9. Securinq of Cask to Barge

10. HHT Return to Site

'Corresponds to time needed to load rail sized cask with
spent fuel at a utilit; as auoted by a commercial cask rental
source" ~. The tame needed to effect unloading of the cask
at the r ceiving facili y is estimated by the same source to
be approximately half the loadinc time, or 1 day.

I' ~ure 7.1
J

Turnaround Operation Times at i.'tili-.y Site II'ithin 20 l.'iles of
Dockside i'ol Roll-On/Roll-Off oi Toto Dry Casks by HHT.



3.25 trips per year, would be approximately /250K. A detailed
breakdown of HHT operational costs per turnaround are given
in Tab.le 7.4.

A signii'icant savings in operational costs for HHT

t.«><>;« uu»d can be achi eved if HHT vehicles are committed to
t.h<,. b;<rge, since they could be left assembled on the barge
du>i»g Lhe 'trip and rolled ofi't the facility, thus shortening
th<. Lur»arouncl operation by one to Lhree days. Availability

IlllT vehic.les wil'l determine whether commi.tment oi'ehicles
wi I I l>e possible.

11'lll'1'ccess Lo tc util i.ty site is to be used, it was

;<:;s«»><.d Lh <L several capita I improvemenLs would be made,
I »< 1«<li »g c<>nstruction of a docking incili L'y and permanent
r<>;<<I. Cu»s trucL io» of a concreLe dock:I.ng facility was esti-
«>;< t.ecI I.o cost. /500K;<»<I secondary c<>ns Lruction was estimated
I <> <.:osL $2>2K/«<I . '1'hus, use oC IIIIT roll-on/roll-ofi',)„(7-5)

i<<'.<'.ess l.or a rc«<c Lor I oc»< i.eci 5 llli . fI om a sui table dockside
w<>« I<i x e<i«ire»«<«<F>i L».l expe»di Lure ol'610K.

7.-I. I . 3.2 Tu> n:<> <>u»d Cc>sts Usi ng a I'1oating Bridge

'I'ur»»ro«nd o i'ail <>asks < <cn be accomplished in an
ei'I'.I<.i<»i, mn»ner »L si Les which have floating bridge and rail
access. MI th this mode ot.'urnaround transport, casks or
ra i 3 c»rs»>uy be directly tzansi'erred on and off of barges with

cl i sass<:<nb] y operat i.ons. The equipmeni; involved and the
--'~t <><.ed»re used for loading and»n loading are discussed in

Bc:cgjon ).0.
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Table 7.4. Intermodal Turnaround Cost Breakdown for HHT Turnaround
of Two Dry Casks at a Utility Site

turnaround
transfer
personnel

~ driver (1)
~helper (1)
trigger (2)
~supervisor(1)

Cost Category Cost Source Hourly
Hate
(S/hr)

16
16
16
20

Daily
Rate
(8/day)

672

Cost to Turnaround
Two Casks

(8/turnaround)

5.04K

turnaround
transfer
equipment
rental

~ HHT goose-
neck equip-
ment h quick
release
tiedown

125 1.OK

stationary
barge
rental

1.5K 11.25K

cask
rental 7.0K 52.5K

total turn-
around cost 76. 3K

Assuming a turnaround time of 7.5 days.



Crew requirements for operating a floating bridge
worrld include n. train crew of two men and a rail/barge facility
crew of two men in addition to the barge crew. It was esti-
mated that the totnl manpower requirement for the turnaround of
a single cnslc would be 32 hours'. At $1G per man-hour,I (7-7)

total personnel cost per cask turnaround (R ) would be $512.t
Tot;al time required to transport two casks to the utility site
would be one day, and it was assumed that both casks could be
returned nnd secured on the barge in one day. If two days per
cask nre»ceded to ].ond the casks in the spent fuel area and

some o( erlap in operat.ion is assumed, a total of l'ive days
would be involved in the t.ur naround of two caslcs.

Considering stn.tionary charges of $1.5K/day for the
b;-<r ge n»d $3.SK/d:ry 1'or'l>e cnslc, the total opera.tiona] turn-
ar ourrd cost rrs i»g n 1']o r L.i»g b> idge would be 2R + (2R + Rb)t c b
or about $-13.SK/L<»»rrr<~urrd. Tl>e y<»trly operational cost, of
Lrl rlrl r or<rid rl L Lh<: <it i 1 i ty rrs i rrg

cars 'rrrrd l l orl L.l I'rg t)r i tlge << o<'ess
dir«».t ro].l-on/roll-ofi'ail
Lo the utility assuming 3.25

tri ps pei ye«1 woulcl b» about $ ]<12K.

1 n sun)e cases, n f ion Ling bridge may be installed for
«not.her p<rr lrose, 'osL ol'orrsLruction of a floating bridge
i tsel f was eHLilllrl L< d to be $ ] . Si>t r . Cost ol'onstructing4 (7-8)

in.il;r««ess Lo the si Le was based on an estimate of $750K/mi.,
kg(7 9)i nc1 udi Hg ]eve] I ng <rind bridges

* Expressions I'or llllT access cosL differ irom those for FB
access cost, sirree FH turnaround does not require a bridge
or trni n crew Lhr. o(rghout the tur»around operation.

1 Se(ern'1 proposed util:i ty sites have lloating bridge access
to provide for shipment ol heavy ren.ctor components during
constrrrction since adequn te rail links do not exist.
For sites wi Ll> less nnvign Li ona..'1 and access constraints,
t.he cost of n bridge could be as low as $ 1M.

Cost. per mi.] e ol'ail const.r«ction assumed the rail access
must traverse fai.rly rough terrain.



Comparison of CosLs 1or llll'I's. 1"0 Turna) lou))cl

Table 7. 5 presents a compac iso» of f.he est1matecl
oper«.LI.onal ancl capiLal costs 1.'or turnarouf)d using HIIT access
and FI3 access tn a I'ac1.l.lty f.'or two cases; i.e., c fcccil ity
I'ive miles from dockside, and n. 1'.acility one m) le I'rom dock-
side. Clearly, the use o i' I.'loating bridge may have an

economic advan I;age over us1.ng liHT I'nr turna) ound i.'or shor t
distances Lo the util i ty site .from dockside. II' waf.er borne
I;rip is part o:f.'n intermodal,journey clomi»a ted by the rail.
porLio», anoLher advan Luge n«cy be gained s.i nce tr«nsI'er

to'ail

may be made at a n)c).,joi'o)'t.
whe)'acilitiesalready exIsL. 'I'h1s wo«l d

the intermodal. trans.fer cosf;.

car.f. I.o«,'t I oadj ng
fc

s 1 g 11 ) f' c cl n L i.y r e cl il ce

7.'l.2 Sources ol CosLs for IIai.l. 1'ranspc)rt

7.<1.2.:l..Bai] Conveyance Costs

Charges and ra Les I'or transpor i.').'f;) on of spen t.:f':uel by

rai.l. have been inade assuming that 1r) adiatecl nuclear material
can be shipped via regu1ar tr«..in. S1.nce a n)tional.

The Association of'merican IIai.1roacls i)as r ecommended
that their carriers require spent nuc.lenr fuel to be
carried on "special trains", which carry no other freight
and travel at speeds oi'ess than 35 mph.(7-l0) A special
tral n rate is quoted on a per mil.e bnsis by carriers
indiv)dually and is additive to the regular train shipment
c.harge. A commercial carrier source(7-il) quotes the
special train charge at $19.72/mi. A second source(7->2)
quotes an average special train charge oi $20/mi. As an
example, the total charge per mile for a 1,000 mile ship-
ment of a:fully loaded dry casl~ including the special train
charges, would be $29.86/mi. The case f.'or the ra~ 1.roads is
still under review, but the commercial rai1roads appear to have
lost their right to charge difl'erently for special trains
by a recent court decision.
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Table 7.5. Comparison of Costs for Intermodal Turnaround
Using HHT vs. Using FB for Two Cases

Cost Breakdown

For a. Utility Site 5 Miles
Distant from Dockside

For a. Utility Size 1 Mile
Distant Prom Dockside

1

HHT Access FB Access HHT Access I

FB Access

~ c — capital cos*('iK)

l C — Annual Operating
Cost ($K/R-yr)

I

C — Total annual cost
'.

of turnaround*
R yr

,.Turnaround cost per
,'trip ($K/trip)

610

250

270

83.2

5,250

142

317

97.4

522

250

268

82. 3

2,250

142

217

Calculated on a simple basis assuming an operating life of 30 years, i.e.,
C ($K)

C ($K/R-yr) = C ($K/R-yr) + 30

t Assuming 3.25 trips per reactor year are made between utility and receiving
facility using dry casks.



standard set of tariffs exist for regular train shipments
of spent nuclear fuel, the rates may be assumed not to vary
radically from carrier to carrier.

Figure 7.2 shows a plot of average tariff charges
per 100 lb. of shipment weight as a function of mileage,
taken from rail shipment data for eastern railroads (7-12)
The top plot is for casks with irradiated fuel, and the
bottom plot is for empty casks. The broken lines are
extrapolated from the data and are perhaps high since

'ari.ffcharges will probably level off over longer distances.
Table 7.6 details a charge per mile for dry casks based on

rates taken from Figure 7.2. An attempt to
figures by direct contact wi.th a commerciai
produced tariff quotations ol $6.54/100 1b,
irradiated fuel between San Onofre, Ca. and

verify these
(7-1.1)rail carrier

for casks wi th

Hanford, Wash.

Assuming the rail mileage between points to be approximately
1100 mi., these costs are nearly $16/mi. for a loaded dry
cask. Hence, the estimates in Table 7.6 may be somewhat

1 ow i'or cu~ rent use.

Cost of cask rental during the conveyance phase of
ra.il transport was calculated using the daily cask rental
charge of $3.,5K/day and an average train speed that includes
all stops and yard operations between the end points of the
trip. Two estimates from commercial sources were used to
establish the estimate of average train speed used in this
evaluation. One source, a commercial cask supplier with
experience in transporting nuclear materia.l by rail, esti-
mated average train speed at 7 mph. A second commercia.l(7-2)
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7.5

l) generic route 4
) generic route l

Q3 generic route 6

6.5
O

4 . Spent Fuel Cask Ship-
ment with Fuel

6
Q,

/
I

/
/

I
/

/
I

/I
/

/ ~

,'~ExtrapolatedI
/

/

/ r

/

/ r

c 0 !

h

j
3 1 Cask Shipment: Without

2.5
500 l000

I

l500
I

2000

Rail Dista»ce (mi)

).".ig~» 0 7.2. Hegu)ar Tra in Shipping Charges ($/100 1b
Weight) For Loaded and Empty Spent Fuel
Casks
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Table 7.6. Cosc per liiile for Various Distances of Spent Fuel Cask
Shipment by Regular Train

Cask Type
and Load Status

Dry Cask Loaded
I

I

} Dry Cask Empty

2.19 x 10

2.01 x 10

500
(mi.)

!
} 11.16
I

}

9.85

1000

9 .86

,'8.44

Shipping Weight Regular Train
(lbs. )

I

Freighting Charge
($/mi)

1500 } 2000
(mi.)

~
(mi.)

9.21 : 8.70
I

7.91 7.54

» Reference proposed weight agreement between National Lead Industries (NLI)
and railroads.



source used transportation data between Oak Ridge,(7-13)

Tenness«e nnd llanford, Washington to estimate an average
regulav train speecl oi between 1.5 mph and 7.5 mph. An

avevc<ge regrrlnr train speed of G mph was used in this assess-
men t.

7.-1.2.2 Itail Tvanspovt Turnaround Costs

Trrrrravounci t i»r(".s are di'f f icul t to estimate for rai 1

slripr»err t.s;rt, t.h«uLi:I ity end (>f tire route since some reactor
siLes hav« vai] sevvice into Lhe sPent fuel
lou<1 i.rrg are:r wlri I e oLlrev si Los ave located a considerable
d.isLarrce I'r o<rr suitable vai.l Irends. Waterborne shipment of
spent; 1'rrel woulcl b» «ompeL i Live I.'ov uti1ities that do not
pv<=senLly lrave s(ri t. rtrle vai I «onnecLions to their site.
Trrvnnr oun(l opt. i 'ins ar'e 1)ossl I> le I'ox si Les without existing
rail access. 'l'hc. i'i vsL <rpLion wou'Id be to use HHT transfer
from n srr i t.;<b J e va i I ya vcl, ('mt)1()y1ng essentia 1ly the same

Le< hni(1(re ciescvihecl f<rr b;<vge Lrrrnavound. The turnaround
costs pev t.r ip I'<!v Llris <>pL iorr weve assumed sinrilar to those
inc<rrvecl I'(>r bnvge trnnslrovL. A second option would be to
bu:i I.d v;r i I nc(.< ss t:o the plarrt. As sLated above, the average
cosL ot'n.i 'I <.orrsLv<rcL iorr 1 nci(rcl i ng level ing and bridge
buj 1ci j ng i s e' im;r'Le<1 L» be $0.75I(l/rni or $3. 75M to connect
a rr ti I ity s r L('o a 1(li I lrend 5 mi. disLant.

I ll<''os 'L o f cc "Lur. rlar(blllld operation using HHT access
wi L h;r vni 1 lreaci r s 'rpprozr mately $270K/reac Lor-year. For
tirose I aci I i Lies wlrere terr»i n permi Ls, construction of rail
access I'»v dis Larrces up to 7 mi'l es would be competitive with
HHT tr<vnavound i f i t is assumed tha t the minimum turnaround

tjnre possible is t'ouv days.



It was assumed rail Lurnaround can be achieved directly
a t the receiving I'acil I Ly end o f the rou te .

7. 1.3 Sources ol'osts Pnr I egal Weight Truck (I WT)
Transport

7.4.3.1 LWT Conveyance Costs

Cost ol.'pent, i»el shipment by truck wns based on Lhe

«<>st. ol'he Lruck and driver and of a legal weight truck
(I.W'l') cask. The I WT cask» wl! i ch are available weigh npproxi-

m <.Le l y 22 tons and carry nno I'WII assembly nr two 13WR assemblies.
A re«enLly quoted rental I'ee I'nr «n I,WT cask is $0.85K/day, (7-2)

The <:nsk rental rate in«in<les the services of a technical
«!I)reseutative who is re»I><~»» il> le l'nr Lhe coordination of
«usk loading and who insur<s Lhe s <fety and efficiency of the
j>1 n«ess

The <.osL ol':fre.igl>L <ng by I,W'I', «s quoted by commercial

carriers, includes the cosL oi'he truck and driver, and is
(7-14)expressed as a rate per mile of round trip distance.

The rate is $1.60/mi for round trips of less than 200 miles;
$1.30/mi for ro«»d Lrips of 500-1000 miles; and $0.95/mi.
for trips over 1200miles. An additive charge of $0.15/mi.
for a second driver is used in cost calculations.

Speeds for LWT shj pment of spent fuel casks are
qu<>Led ns 30 mph. However, a derating factor of 25%( 7-14 )

was used by the industry to estimate transit times through

urban rouLes and through the northeast in general. An

overaI1 speed of 25 mph was used i» this study to avoid

segreg«Ling routes intn urban and non-urban portions.

7 ~ > 2
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7.4.3.2 LWT Transport Turnaround Costs

A LWT cask and its trailer can be delivered to the
iuel receiving bay at a utility. Likewise, at the receiving
faciliLies, the cask can be delivered directly to an unloading
crane. Thus, the only turnaround costs incurred using LWT

shipment are the rental charges on the cask during turnaround
and the deLention charge on the truck. A detention charge of
up Lu $ 150/day is paid by Lhe utility for keeping equipment
longer than 10 hours. Normal turnaround time for LWT

( 7-14)

L'ransporLed casks is one dny a.t the utility and 0.5 day at
the receiving facility. The difference in time results from
Lhe receiving i'acility's higher level oi handling experience. (7-2)

7.4.-1 Other Sources of Costs J'or Transport

QLher cosL sources affecting all modes oi spent fuel
Lransport include insurance premiums carried on the cask
contents. Insuran«e covering dunnage or injury to personnel
or hauling equipment resulting from shipment of spent fuel
.is covered by Lhe Price-Anderson law and was not considered
Jn this study. Damage Lo any transpor't equipment as a
result ol'arrier negligence or accident is not considered
as a cost source to the utility or receiving facility. Damage
to the cask and contents can be covered with property insur-
ance on n yearly basis and the cost is dependent on the value
of the «ask.

Directly quoted pz eral.imps and insurance coverage on
the cask were not available; however, a reasonable premium
estinlate of /6K ior a one-way waterborne trip for one cask(7-14)
may be made based on an individua,l rail cask value of
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$dM. For casks carried by r;ii.1. ()r by triick, on Ly the contents
nf Lhe cask are insur ible —;iL the following r;ites:

a) $0.05/$ 100 ol.'lle v'<lue ol''W'I'.:ask «'>n-

t en Ls a t 50K/;i ssnmb 1 y

b) $0.10/!II100 ni'.he vil.l iie of r« i 1 cask con-
LenLs at /500K

il f'1 nal cosL'()ut'('e I)ecullar Lo Lhe waterborne mode

i L <'m:. I ) (>in L he emergen( y r esl>nnse re(l ui red I'or an a cc i den t
i i) w<> I v i ril; Lhe loss of;i <.ask nr dam;ige Lo:i cask. Cask
d (niage nr .1oss;ire .Iow pi'nbabi I i Ly «vents hy a.ny mode

nl.')ii

pn!cut and !ecovery (.'Os Ls hiiv(-.'l<)L linen ev'i I ii;ii:()d. 11<>w-

ever, re<:nvery oi < 1<>st ( nsk i; a I>nLei! I.i;i I ) e<liii remen L
foi':!Le<

borne shippers. This sLii(ly did ii(>L add Lhe cosL'f
i ecnvery to the 'tnta I cost o f w;i Lerl)orne transi t for severa1
i'easoll s:

a) The p) ob;ibi li ty of siicli an accident per re'ictor
year is sufi'ci en 1.1y low tha.L it would be
unreasonable to expect; individual utilities,
carriers and receiving i'acil ities to keep
equipmen t co<i)<))i t ted Lo poten ti a.l recovery
operations.

b) This study assu<ned tha t, in tlie event of loss
of a cask, the cnst of recovery would be borne
partially throiigh insurance.

* Not leakage or violation of cask i.ntegrity, but simply
the sinking oi'he cask wi.th the barge.
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7.5 Annual Cost Estimates for'everal Generic RouLes

Resu1 t.s oi'.he ecunorai c cos L assessment for each <>

1'.he

t.lrree generic routes in Table 7,1 are sh<>wn in Tables 7.7
7.9. 1 n al 1 cases, the cost source cr i Ler l a d i scussed in
Section 7.2 was used. The three major carrier mod<.s < nn-
sidered were waterborne transportat.ion, rai 1 shipment and

shipment. by LWT. Intermodal transport was consr dered for
t.hree generic routes, including the relatively slror't;

generic route <l. » The fioa.ting bridge
in cas;;s where i L represented a poLent

na. L i ve .

access was cons i dered
i al cos t savi ng a 1 Ler-

7.6 I) is<:uss i on of Hesu I t.s

I h<. r ange o f cost per reac Lor year o l'l)en L fue l

shiprrrenL by various trnnsi t modes fnr medi <rm and long distance
r ou Les be tween u Li 1 i ty and rece 1 vi ng I'aci l 1 t v le sun>rra< r i red
in 'I'able 7.10. In all cases, waLer'b<>me Lr ansi t is Lhe m<>sL

expensive mode <>I Lr nnspor La t.inn considered.

t lie la r'g<)s L coll Ll' I)<I L<>l' (> <) vel'r> 1 1 <>ar>>pa l gll c<)s L t <) r

t he i nt ermodal and r-ai l modes o f L r anspor L i s Lrrrnar<>und ci>s L,

as shown in Tables 7.7 — 7.9. Turnaround cosLs ar<-'. grea Ler

fol'a te r bo r'lie L ran spnr t than 1'or 1 r< i 1 trans pn r L hy 8 l'a<'. Lo r

nf 1..5 to 2.0. llerrce, whi Je conveyance costs .I'or water.b<» ne

transport ar'e <onrpeLitive wiLh oth«r transport. m<>des, the
L rrrna round costs and i ntermnd;r 1 cos Ls render wu L erbor ne sh i p-
nrer>ts more expensi ve than t,ranst)or ta Lion by rai 1 ur I.WT.

It was assumed that t.he casks wer'e wat.<;r bor «e t'nr a short
distance and that the trip was complet ed by ra i l l'nr
generic r.oute 4.
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Table 7 .7 . Economic Assessment Summary — Comparison of Spent Fuel
Transport Costs by Barge, Rail and Truck for Generic
Route 1 .

(ltTransport Costs

Trip Route Cost Cosponent

internodal Route
(vaterborne s 902)

(2) (21
HHT Access yg Access HHT access (2)

at UCilitv

Rail Route

Rail Access Rail Access(2) (3)
to Utilirv to Utilitv

built Exists

Legal Height
Truck Route

Conveyance

I Barge

Freight
ll TrainCoat 20.F

l Truck

Cask ltentsl 7C 5< 3 4

Turnaround Tot.al Turnarounc
Cost

I <t166.< I 20'.. I 9 .v I 81.6
i

4

Hnn Phase
Related Costs Insurance

Total Cost Per Trip

Total Cost Per Reactor Year
(SH/R-yr) os<8>

I

I

I

1.06

f

369.6

55<8

5'

5.<e 34<6

E.e

5
<9)

Oprion Casts (SH/R-yrl <« - 1.0< 3 - .55

(1) all costs in SK/trip unless noted.
(2) utilitv is assuued to be located 7 si. froc navicablc 4'ster and 7 ni, froe e railhead, receivtns !scil<tv is located 4 si. free navigable saterand has rail service.
(3) asaunes rail service is mailable to the facility int.o tne spent fuel area.
(Al cask rental, operational casts and capital costs for turnaround at both enas
(5) HHT access at both ends used.
(6) includes cask rental during turnaround and cost of tail constructton to utility.
(7) includes casa rental durtng turnaround ontv.
(8) costs predicated on 6.5 cask. loads per year o. 3.25 trtps berveen thv utilitv site and the receivtng facilttv.(9) 4'oats predicated on 65 cask loans per year or 65 trips betveen t'ne utilitv site and tne receivinF fatilitv.



Table 7.S. Economic Assessment. Summary — Comparison of Spent Fuel Transport
Costs by Barge, Rail and Truck for Generic Route 4

Trip Phase Cost Caaponart

Internode) Raure
(short vaterborne
lep) (2)

HHT Arenas ! PB Access
at Utility ( at Utility

I

Transport Casts (1)

! )ntcraodal Route
(vsterborne > 90 )

(2)
HHT Access ) fg Access
Bath Ends

~

Borh Ends

Rail Haute
(2)

HHT Access ) Rail Access [ Rail Access
at Utiliry

~

to Urility
~

to Utility
(built) Exists

Truck
Haute

Conveyance

Barge

freight Trsia
Cost

10.5

11.9

1.2

Cask Rental 35 26 28 l.7

Hidr?ip
internodal
Transfer

Total Transfer Costs (3) (4)118.6 16

Turnaraund 82
(5)

8 5
(5)

65
(6)

63
(6) (7) (8) 28 (9) 1 9(10)

Nan Phase
Related Costs insurance 24 2t

Total Trip Cost 273.2 169.4 227.9 225.5 118.7 !„20.0
I

68.2 5.0

Total Yearly Cost (SH/R-yr) Bg(ll) 55 tll) 73( ') 39 (11 ) I 39 ( 11)
~ 22 33 (12)

Cost Range for Rode (SN/R-yr) .55 - .89 .22 - .39 .33

(1) all costs in SK/trip unlcsc noted.
(2) utility is assumed to be 3 ai. from nearest navigable vatcr and 7 ai. from rail head vith a aajor part at 110 ai. distance by vatcr.
(3) includes cask rental snd transfer cosc ~ far 2 transfers onc on the trip the utility and one for the return trip.
(4) if floatzn9 bridge access at the utility is used, interaodal transfer at a major port can utilize carfloat unloading facilities vith a total

transfer time for tvo casks assumed to bc less than or equal ta 1 day
(5) includes cask rental, transfer operarion cost and capital cosrs for transfer at one end.
(6) includes cask rental, transfer operation cost and capital casts for transfer at both ends.
(7) includes cask rental, transfer operation cost and cost of road improvement ~ t utility.
(B) includes cask rental and cost of rail construction ta utilitv.
(9) includes «ask rental charges during turnaround only
(10) includes detentzon charges for truck.
(11) costs predicated on 6.5 cask loads per year of 3.25 trips betvecn the utiltty site and the receivtng facility.
(12) costs predicated on 65 cask )oads per year of 65 rrips betveen r,he utility stte and the receiving facility.



Table 7.9. Economic Assessment Summary — Compar ison o f Spent Euel Transport
Costs by Barge, Rail and Trucl'or Generic Route 6

Transport Costs (1)

Trip Phase
I

Cost Componen.

lncermodal Route
(uaterborne > 90

HHT Access FB Access(2)

I Rail Route

No Rail Service
j

Rafl Access
to Utility )Q , to Utflitv
Access Used I I Built (v)tc) h

Rail Access
I tn Ut<lftv

Bxists(3)

! legal Weigh
Truck Raute

I

I

I

Conveyance
I

Barge

Freight TrainCost

Truck

19.1

I

IT'urnatouad

Cask Rental

Total Turnaround
Cost

Cv

167.5 .'35.4,(4' . »5: <St z»

5t

e(6

3 4

C

Non Phase
'Related Costs Insurance

Total Cast Pez Trip

Total Cast Yearly (SH!R-yr)

I 2B).=

(5} BB(S)

< 3<

.76(R

143}2

.<7»BI ,29(g) .51(9>

Option Cost Range (SH/R-)r) .88 - .91 .29 - .76 .51

(1) all cones fn SR/trip ualess noted.
(2) utilitv is assumed to be an navfgab)e aster and 7 mi. (roz, a -. 11 head vl.i!e zezefvfry facflf'.y fs assu .ed to be 15 mf. from navigable;ster ufthrafl service.
(3) rail service to utility fs assumed to exist intc zh spent fuel azea.
(4) tost includes cost of road cons ruttfan aad HHT access at both ends of trfo.
(5) cost includes canc af FB construction and operation at both ends of trfp.
(6) includes task rental during turnaround and cost of construction.
O) costs predicated on 6.5 cas'k loads per year or 3.25 trips betueen the utility site and the receiving facf lfty.
(8) rosts predicated an 65 cask loads per year or 65 zips hetueen the u fifty site and the cezeiving fa fifty.



Table 7.10 Cost Ranges for Transport of Spent Fuel by Various Modes

.ransport Mode
Cost of Shipment Per Reactor Year ($H/R-yr) (1)

!
(2)l ~ (2)Medium Distance Route 'ong Distance Route

(400-600 mi.) (>1000 mi.)

Rail

; Rail access to
(utility
t initially exists

)No rail access to'
utility

; initially exists

.22

I

.29 .34

.52 — .76

Legal 3('eight
Truck .33 .51 — .52

Inter—
modal

Barge < 50ic
+ Rail

Barge > 90%

. 59 — .89

.73 — .74 .88 — 1.06

(1) Costs predicated on $3.5K/day cost, of dry cask rental.
(2) One-way distance from utility to receiving facility.



The single largesL'ource ol':osL ol.'penL fuel
shipment by any mode of Lransport is cask rental .

Casl'enta.l

charges comprise 60-70",o of Lhe cost of spent fuel
shi pmen t by in Lermoda1 LranspovL. Since cask ren Lal. charges
acc:vue as a I'unction of conveyance and turnaround time, Lhe

s lowesL modes c>i'hipmr nL wil 1 su f I'er Lhe highest. cask renLal
< osts. Waterborne conveyance is slow, a»d Lhe water routes
are somewhat tortuous. Ilowever, vai1 conveyance is also
s I <)w; ancl sl ace bo'Lh 3»cuv a hi gh cask 1 en ta I cos L, they ave
con) pe I. i t i ve .

I h<. grca Les L cc)n L v I l)u L I <)n 0 I cn.''lc von L a 1 charges tn
1» Levmocl;< I transpori. c<)sL occ»vs eh<ring I.he I;urn»ron»el <ncl

i n L<:vmod;xl Lransi'ev ph;<ses <) I'.h» tvi p. lyso <) I'IIIT equi p-
men t.:in turnaround produces L«v»;<rouncl t 1m< s o f «ppvozimai.c.l y

c.ighL days and intermodal Lv;<»sl.'ev Limes oi' i ve days for
l.wo casks. Ini.erm<)dal I;ra<)spo) L wi th IIEIT re<luires transi'er
at both ends oi'he trip. 11»i 1 transit, even with no rail
access at the uLi 1 i ty, r e<I»i ves Lva»sfer by IIIIT only at the
» ti 1 i L'y s I te. Therefore, the cosL of turnaround I'r water-
bovne modes is more expensive than I'ov va i 1..

Use of direct vail car loading equipme»L can eliminate
some of the turnaround cost by reducing tus naround time.
In adcii Lion, L'he capital cost. may be spread over. the life of
the reactor. However, the utilities must be reasonably
neav water ior a. Iloating bridge to be cost el'fective for
t«rnaround. This is evidenced by the high cost of access
for generic route I wiLh an average distance oi' miles
between the util i ty and»avigable wa.ter.
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APPENDIX A. Reactor Location and Intermodal
Access Data
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Figure A. 8. Generic Route 8
Eastern Intracoastal
Route



Table A. l. Inland Waterway Link Descriptions (A-1,A-2)

System
Lower

Terminus
Upper

Terminus Distance
mi.

Control-
ling
Depth
ft.

Navigable
Season

months

1 Upper Mississippi

2 Lower Mississippi

3 Illinois River

4 Missouri )liver

5 Ohio River

6 Allegheny River
7 Monongahela River

8 Kanawha River

9 Green River

10 Cumberland River

11 Tennessee River

12 arkansas River

Cairo, Illinois
(confluence with
Ohio River)
Gulf of Mexico

Grafton, Illinois
(confluence with
Mississippi)
Confluence with
Mississippi (Just
north of St. Louis)
Cairo, Illinois
(confluence with
Mississippi)
Pittsburgh, Pa.
Pittsburgh, Pa.

Point Pleasant,
V. Va. (confluence
with Ohio River)
Confluence with
Ohio River (near
Evansville, Ind.)
Confluence with
Ohio River (near
Smithland, Ky.)
Paducah, Ky. (con-
fluence with Ohio
River)
Confluence with
Mississippi River
(near Rosedale,
Miss.)

Minneapolis,
llinnesota

858

Confluence with
Ohio River
Chicago, Ill.
(at. Lake
Michigan)
Sioux City,
Iowa

954

327

732

Pittsburgh, Pa, 961

East Brady, Pa.
Fairmont, Vest
Virginia
Deepwater,gest
Virginia

72

129

91

Dam 3 108

Celina, Tenn. 381

Knoxville, Tenn. 652

Catoosa, Okla. 448

9 to 40 12

9 10

7.5

12

12
12

12

12

12

12

12



Table A. l. (Continued)

Svstem

13 Barkley Canal

14 New York State Barge
Canal (NYSBC)

Lower
Terminus

Tennessee River

Hudson River

Vpper
Terminus

Cumberland
River

Niagra River
(Tonawanda NY)

Distance
mi.

2

552

Control-
ling
Depth

ft.
9

12

Navigable
Season

12

15 Hudson River

16 Black Sarrior River

17 Chattahoochee River

Atlantic Ocean

Gulf of Mexico

Gulf of Mexico

NYSBC 155

Columbus Ga/
Bainbridge, Ga

297

Birmingham, Ala 466

14-32 8-12

12

12

18 Coloosahatchee River
System

Gulf of Mexico Atlantic Intra-
coastal Water-
way

90 10 12

vj'



Table A.2. Intracoastal Waterway Link Descriptions

System
Lower

Terminus
Upper

Terminus Distance
ml.

Control-
ling
Depth

f't.

Navigable
Season

1 Gulf Intracoastal Waterway (west) Brownsville, Texas

Gulf Intracoastal Waterway (east) New Orleans, La.

New Orleans, La..

Apalachee Bay,
Fla. (Near St.
Marks, Fla. )

690

407

10

10

12

12

3 Port Allen-Morgan City cut-off

4 Atlantic Intraconsts.l Waterway

5 Chesapeake Bay

6 Delaware River i Bay

7 Chesapeake IL Delaware Canal

8 Atlantic Intracoastal Waterway
(Ocean Coastal)

Morgan City, La. (On
Gulf Intracoastal
Waterway, west)

Miami, Fla.
Atlantic Ocean
(Norfolk, Va.)

Atlantic Ocean

Chesapeake Bay

N.Y. City

Port Allen, La.
(Near Baton Route,
La. )

Chesapeake Bay

Chesapeake f:
Delaware Canal

Trenton, N.J.

Delaware River

Bangor. Matne

1129

200

129

40

10

12

12-40

>40

12

12

12

12

12

9 Atlantic Ocean
Segment'0

Gulf of Mexico Segment t
Delaware River

St. Ma.rks, Fla.

New York City, N.Y.

Fort Myers, Fla.

180

220

>40

>40

12

a Signifies a semi-protected route still classifiable as intracoastal.
t Stgnifies an unprotected open ocean route usable by properly outfitted

ocean-going equipment.



(A-3,A-4)
Table A.3. Utility Locations and Intermodal Access Constraints

REACTOR LOCATION NEAREST WATERWAY STATUS NAVIGABLE R.R.

1. Arkansas N.S. 1,2

2. Duane Arnold E.C.

Pope Co. Ark.

Linn Co. Iowa

Dardanelle Reservoir
Arkansas River

Ced~r River

O,B YES

NO

YES
Missouri Pacific

(MP)

YES

Rock Island (RI)

3. Bai.lly G-S. Por ter Co.
Ind iana

Lake Michigan B YES YES
Chicago South Shore

Beaver Valley
P.S. 1,2

Browns Ferry
N.P.S. 1,2,3

Beaver Co. Penn.
(25 mi. NW of
Pittsburgh)

Limestone, Ala.

Ohio River

Wheeler Lake
(Tennessee River)

YES

0,0,0 YES

YES
New Cumb.
Pittsbura, Conrail

(CON)

NO

Brunswick Stm. Elec.
Plant 1, 2

Brunswick Co. N.C.
(Southport, N.C.)

Cape Fear River
(1.75 mi. to

Atlanta Ocean)

B 0 POSS YES

Seaboard Coast
Line (SCL)

7. Calvert Clif fs N. P .D ~

1, 2

Calvert Co. Md.

(Wash., D. C. 45 mi)
Chesapeake Bay 0% 0 YES NO

STATUS LEGEND
0 = operational

~ B = under .construction
A = construction permit applied for
P = planned



Table A.3. (Continued)

REACTOR LOCATION NEAREST WATERWAY STATUS NAVIGABLE R.R.

8.Donald C. Cook P. 1,2 Baroda, Mich.
(Benton HBR 11 Mi. N.)

Lake Michigan O,B, YES YES
Ches. and Ohio

9.Cooper, N.S-

10.Crystal River N.G.P. 3
(1,2 are coal fired)

Nemaha Co. Nebr.
(Lincoln Nebr. 60 Mi.)

Citrus Co. Fla.
(70 mi. N of Tampa)

Missouri River

Gulf of Mexico

NO

YES

YES
Burlington North-
ern (BN)

YES

SCL

11.Davis-Besse N.P.S. 1,2,3 Ottawa Co. Ohio
(21 mi. E. of Toledo)

Lake Erie B,A,A YES YES
N and W

12.Diablo Canyon N.P.D. 1,2 San Luis Obispo Co.
(150 mi. NW of L.A.)

Pacific Ocean B,B YES
(Breakway

exists)

NO

13.Enrico Fermi A.P.P. 2 Lagoona Beach, Monroe Co. Lake Erie
Michigan

YES YES

DT & SL

14. Joseph Farley N.P. 1,2 Houston Co. Ala (16.5 Chattahoochee River
mi. E. of Dothan) 1 Mi. awav

B,B YES YES
SOU Line (SOU)

15. J.A. Fitzpatrick N.P.P. Scriba, Oswego Co. N.Y. Lake Onta io YES
CON

16.Forked River N.G.S. 1 Ocean Co. New Jersey
(same site as Oyster
Creek)

Barnegat Bay
(Atlantic Ocean)

YES YES
CON

17.Edwin I. Hatch N.P.P. 1,2 Baxley, GA. (S vannah Cc. Altamaha River
67 mi. )

O,B, YES

SOU



Table A.3. (Continued)

REACTOR LOCATION NEAREST WATERWAY STATUS NAVIGABLE R.R.

18. Hutchinson Island P. 1,2 Fort Pierce, Fla.
(St. Lucie)

Indian River
(AIW)

O,B YES NO

19. Indian Point, N.U. 2,3 Buchanan, N.Y.
(Nr. Peckskill)

Uudson River O,O YES NO

20. Kewaunee, N.P.P.

~ I

.cn 21. Limerick G.S. 1,2

Kewaunee Co., Michigan Lake Michigan
(Green Bay 27 mi.)

Montgomery Co. Pa. Schuykill, R.
(20 mi. NW of Philadelphia

B,B

YES

NO

NO

YES
CON

22. LaSalle Cty S. Units 1,2

23. Maine Yankee A.P.P.

24. McGuire N.S. 1,2

Brookfield T(a
(60 mi. SW Chicago)

Wiscasset Me.
(Portland Me. 34 Mi.)

Lake Norman N.C.
Mechlenburg Co.

Illinois River
( 1 Mi.)

Montsweag Bay
Back River

Lake Norman

B,B

B,B

YES

YES

NO

YES
Santa Fe

(SF)
YES

. Boston s Maine
(B&M)

YES

SCL

25. Midland N.P.P. 1,2

26. Millstone N.P.S. 1,2,3

Midland Co. Mich.

Waterford, Conn.

Tittabawasse River

Long Island Sound

B,B

O,O,B

NO

YES

YES
Chesapeake 6 Ohio

7CFO)

YES
CON



Table A.3. (Co tinued)

REACTOR LOCATION NEAREST WATERWAY STATUS NAVIGABLE R.R.

27. North Anna P.S. 1,2,3,4 Louisa Co., Va.
(40 mi. NW of Richmond)

North Anna, Reserv. B,B,B,B NO YES
C&0

28. Point Beach, N.P. 1,2 W. Shore Lake Michigan Lake Michigan
(30 mi. Southeast G. Bay)

0,0 YES NO

29. Prairie Island, N.G.P.
1I2

Goodhue Co., Minn.
(6 mi . NW of Redwing )

Mississippi 0,0 YES
Chicago, Mil.
St. Paul (CMSP)

30. Rancho Seco, N.G.S. 1,2 S.E. Sacramento Co. Folsom Canal Reservoir 0,0
(25 mi. SE of Sacro, CA. )

NO YES
Southern Pacific

(SP)

31. Salem, N.G.S. 1,2 Salem Co., N.J.
(20 mi. from Wilm. Del.)

I

32. San Onofre, N.G.S. 1,2,3 San Diego, Ca.
(17 mi. from Oceanside)

Delaware River
(Bay)

Pacific Ocean

O,B,

O,B,B

YES

YES

NO

YES
SF

33. Seabrook, N.S. 1,2 Hampton, N.Y.
(40 mi. NE of Boston)

Hampton Harbor
(Atlantic)

B,B YES NO

34. Sequoyah, N.P.P.1,2 Hamilton Co., Tenn. Chickamonga Lake
(12 mi. NE of Chattanooga',

B,B YES vES
SOU

35. Shoreham, N.P-S.
)

Northshore Long Island Long Island Sound YES NO

36. S":quehanna Steam E.S.
),

Luzerne Co., PA Susquehanna Fwver
(16 mi from Wilkes-Barre,

PA)

B,B POSS. YES
CON



Table A.3. (Continued)

REACTOR LOCATION NEAREST WATERWAY STATUS NAVIGABLE R.R.

37. Three Mile Island S. 1,2 Goldsboro, PA

(Daupin Co., 10 mil from
Harrisburg, PA.)

Susquehanna River OiB. POSS. YES
CON

38. Trojan, N.P. Columbia Co., Oregon Columbia River
(30 mi. N of Portland, Or)

YES YES
BN

39. Virgil C. Summer N.S. 1 Fairfield Co., S.C. Lake Monticello
(26 mi. N of Columbia, SC)

B NO YES

SOU

40. Waterford Steam E.S. 7

41. Watts Bar, N.P. 1,2

Taft Louisiana Mississippi River
22 mi. West of New Orlean

Rheu Co. Tenn. Tennessee River
(45 mi. NE of Chattanooga,
Tenn.)

B,B

YES

YES

YES
Texas & Pacific

(TP)

YES

SOU

42. Zimmer N.P.S. 1,2 Clarmont Co., Ohio Ohio River
(25 mi. SE of Cinn. Ohio)

B,B YES NO

43. Zion S. 1,2

44, Big Rock Pt. N.P.

NE Illinois, (40 mi.
of Chicago)

Charlevoid, Mich.

Lake Michigan

Lake Michigan

O,O

0

YES

YES

YES
Chicago & N.Westerrl

(C r.mwi

YES

C&0

45. Connecticut Yankee A.P.P. Haddam Conn
(22 mi. SE of Hartford)

Connecticut River NO

I

C:i

46. Dresden N.P.S. 1,2,3 Morris Illinois Des Plaines River Ororo YES YES
East Joliet
& Eastern



Table A. 3. (Continued)

LOCATION NEAREST WATERWAY STATUS NAVIGABLE R.R.

47. Fort Calhoun S. 1,2 Washington Co., Nebraska Missouri River O,A, YES
YES

C & NW

48. Robert Emmett Ginna
N.P.P.

Ontario, N.Y. Lake Ontario YES NO

49. Humboldt Bay N.P.P.3

50. Monticello, N.G.P.

Humboldt, Ca.

Monticello,Minn
(33 Mi. NW,bf Minn-SP.)

Humboldt Bay

Mississippi

YES

NO

YES
S.P.

YES
BN

51. Nine Mile Point N.S. 1,2 Scriba, N.Y.
(35 mi. N of Syracuse)

Lake Ontario O,B YES YES
CON

52. Oconee N.S . 1,2,3 Oconee Co., S.C. Lake Keowee
(26 mi. W of Greenville, (Keowee River)
S.C.)

0,0,0 NO NO

53 . Oyster Creek, N.G.S Lacey Twnshp, N. 5 Barnegat Bay
(Same site as Forked Rivei

NP no. 17)

YES YES

CON

54 . Palisades N.P.S. Van Buren Co., Mich.
(35 mi. W of Kalamazoo,
Mich.)

Lake Michigan YES YES

CGO

55 . Peach Bottom P.S. 2,3 York Co. Penna. Susquehanna River
(Conowingo Pond)

0,0 NO YES

CON

56 . Pilgrim N.P.S. 1,2 Plymouth Twp. Mass
(5 mi. E. of Plymouth)

Cape Cod Bay O,A, YES NO

57 . Quad Cities N.P.S. 1,2 Cordova Ill. Mississippi River
(20 mil NE of Davenport,IA

0,0 YES YES
CMSP



Table A.3. (Continued)

LOCATION NEAREST WATERWAY STATUS NAVIGABLE R.R.

58. H.B. Robinson Steam
E.P. 2

Darlington Co., S.C.
(56 mi. NE of Columbia)

Lake Robinson S.C. NO YES
SCL

59. Surry P.S. 1,2 Surrey Co., VA.
(17 mi. from Newport

News VA. NW)

James Rive" O,O NO

60. Turkey Point P. 3,4 Dade Co., Fla. Biscayne Bay 0,0 YES

61. Vermont Yankee G.S. Windham Co., Vt. Connecticut River
(39 mi. N. Holyoke Mass.) (Vernon Pond)

YES
Central Vermont

62. Yankee Atomic Electric Rowe Mass (24 mi. Sherman Pond
NE of Pittsfield, Mass.) (Deerfield River)

NO NO

63 Bellefonte N.P. 1,2 Jackson Co., Ala. Guntersville Res.
(7 mi. ENE of Scottsboro, (Tennessee River)
Ala.)

B,B YES
SOU

64. Catawba N.S. 1,2 York Co., S.C.
(17 mi. SE of Charlotte

NC)

Lake Wylie B,B NO YES

SOU

65. Commanche Peak Steam E.S. Somervell Co., Texas
1,2 (65 mi. SW of Dallas-

Ft. Worth)

Squaw Creek Res. B,B NO YES
SF

66 Douglas Point N.P.S. 1,2 Charles Co., Md. Potomac River
(30 mi. SSW of Wash, D.C.)',A YES NO

67. Grand Gulf, N.S. 1,2 Clairborne Co., Miss.
(55 mi WSW of Jackson
Miss.)

Mississippi River B,B YES YES

ICG



Table A.3. (Continued)

REACTOR LOCATION NEAREST WATERWAY STATUS NAVIGABLE R.R.

68. Hanford No. 2
(WiP.P.S.S. 1(2)

69. LaCrosse River

Erda Reser.
Richland, Wash.

Genoa Wise.
(20 mil S. of LaCrosse)

Columbia River (3 mi.) B,B

Mississippi

YES

YES

YES

YES
BN

70. Perry N.P.S. 1,2 Lake Co., Ohio
(35 mi. NE of Cleveland
Ohio)

Lake Erie A,A YES YES
CON

Shearon Harris N.P.P. 1-4 20 Mi. of Raleigh, N.C. Cape Fear River
(Reservoir of Buckhorn
Creek)

A,A,A,A NO YES
SOU

72. Vogtle N.P. 1,2 Burke Co., GA

(26 mi. SSE of Augusta)
Savanriah River B,B POSS. YES

SOU

73. Aliens Creek N.G.S. 1, 2 Austin Co., Texas
(45 mi. W. of Houston)

Brazos River A,A, NO YES
SF

74. Braidwood S. 1,2

75 Byron Station

Will Co., Ill. Kanakee River
(20 mi. SSW of Joliet,llj) (3 mi. E.)

Ogle Co. Ill. (2 mi. from Rock River
Byron, Ill. ) (2 mi. W.)

B,B

B,B

NO

NO

YES
ICG

YES
CMSP

76. River Bend S. 1,2 W. Feliciana Parrish Mississippi River A,A , YES YES
ICG

Callaway N.P.S. 1,2 Callaway Co., MO. Missouri River
(SO mi.W. St. Louis,i~10.) (5 mi. S.)

B,B YES 9S



Table A. 3. (Continued)

REACTOR LOCATION NEAREST WATERWAY STATUS NAVIGABLE R.R.

78. Cherokee, NA. 1,2,3 Cherokee Co., S.C. Broad River
(21 mi. ENE of Spartanbur<'(Ninety Nine Island
S.C.) Res.)

A,A,A, NO YES
SOU

79. Clinton P.S. 1,2 DeWitt Co.
6 mi. E. of Clinton

Salt Creek Reservoir B,B, NO YES
ICG

80. Greenwood E.C. 2,3 St. Clair Co., Mich.
(55 mi. NNE of Detroit
Mich. )

Lake Huron (10 mi. N) A,A, NO YES
C&O

81 Koshkonong, N. P. 1,2 SW Jefferson Co., Wise.
(52 mi. SW of Milw)

Rock River Lake
Koshkonong

A,A, NO YES
C&NW

82. Montague, N. P.S. 1, 2

83. Perkins N.S. 1,2,3

84. Quanicassee P. 1,2

85. South Texas Project 1,2

Franklin Co. NW Mass
35 mi ESE of Greenfield
Mass.

Davis Co. N.C.,
20 mi. 55 W. of Winston-
Salem

Bay County, Mich.
6 mi E of Bay City

S.C. Matagona Co.
90 Mi. SW of Houston

Connecticut River
(l.5 mil)

Yadkin River

Saginaw Bay

Gulf of Mexico (10 mi.)

A,A,

A,A,A

A,A

NO

NO

YES

POSS.

YES
B&M

YES

SOU

YES

YES
MP

86. Sterling P.P. N. U. 1 Cayuga Co. N. Y.
50 Mi. E. of Rochester

Lake Ontario YES YES
CON

87 Wolf Creek G.S. 1 Coffey Co. Kansas
(28 mi. ESE of Emporia,
Kansas)

Neosho River
Cooling Lake

NO YES
MP



Table A. 3. (Continued)

LOCATION NEAREST WATERWAY STATUS NAVIGABLE R. R.

88. Blue Hills N.P.P. 1,2 Newton Co., Texas Sabine River A,A NO YES
SF

89.Hope Creek, 1,2 Burlington Co., N.J. Delaware River B,B YES NO

90.Tyrone Energy Park

91 Hartsville, 1,2,3,4

Dunn Co. Wise
(20 mi. SW of Eau .Clairi

Wxsc.)

Smith Co., Tenn.
(Hatesville, Tenn.)

Chippewa River

Cumberland River

NO

A,A,A,A YES

YES
CMSP

NO

92 Phipps Bend 1,2

93 Skagit, 1,2

Hawkins Co., Tenn.
(Surgeonsville, Tenn. )

Skagit Co. -Wash.
(Sedro Wooley, Wash.)

Holston River

Puget Sound

A,A

A,A

NO

YES

YES
SOU

YES
BN

94 Alan R. Barton 1,2 Chilton and Elmore Cos., Coosa River Res.
Ala. (Clanton, Ala.)

A,A NO YES
LGN

95 Palo Verde 1,2,3 Wintersburg, Az. Salt River
Verde River
Roosevelt Lake

B,B,B NO YES
SP

96 Jamesport 1,2

97 Pebble Springs 1,2

98 New England 1,2

Suffolk Co., N.Y.
(Jamesport,. N.Y.)

Gilliam Co., Oregon
(Arlington, Oregon)

Washington Co. R.I.
(Charlestown R.I.)

Long Island Sound
Bay Inlet

Columbia River

Rhode Island Sound
(Providence Bav)

A,A

A,A

A,A

YES

YES

YES

YES
Long Island Rail

Road

YES
Union Pacific

(UP)

Unknown
(U)



Table A.3. (Continued)

REACTOR LOCATION NEAREST WATERWAY STATUS NAVIGABLE R. R.

99. Green County Green County N.Y.
(Cementon N.Y.)

Hudson River U

100. Black Fox 1,2 Rogers Co., Oakla.
(Inola Okla.)

Oalogah Res. A,A NO YES
MP

101. Atlantic 1,2

102 Marble Hill, 1,2

New Jersey Coast
(Atlantic City)

Jefferson Co., Indiana
(Jeffersonville, Ind.)

Atlantic Ocean
(Breakwater)

Ohio River

A,A

A,A

YES

YES

NO

YES
B&0

103. Yellow Creek 1,2 Tishomungo Co., Miss. Tennessee River A,A YES YES
SOU

I I

104 W P P S S 3g5 3rays Harbor Co., Wash. Grays Harbor Bay
(Satsop, Wash.)

A,A YES YES
BN

105. Sears Is land Pro ject

106. Portland 5

Searsport, Me.

(Undesignated), Pa.

Atlantic Ocean

Delaware River

YES

NO

YES

B&M

YES
CON

107. Atlantic 3,4 New Jersey Coast
(undesignated)

Atlantic Ocean P,P YES NO

108. Central Iowa

109 Eire 1, 2

110. SR 1, 2 (Undesignated)

Vandalia Ia.

Berlin Hts. Ohio

Undesignated S.C.

DeMoines River

Lake Erie

Santee River

P,P

P,p

YES

U

Sundesert, U.P.P. 1,2 Blythe, Ca. Colorado Rzver A,A YES
SF

M
L



Table A. 4.
Key

AT

Ark

CB

CU

DI"

FS

GI

GL

.IIS

Il U

IIl
JA

LM

NYCDB

NYSC

OC

Ohio

PO

HMFL

RMPW

Tenn

UM

Atlantic Intracoastal Waterway

Arkansas River
Chesapeake 13ay

Cumberland River
Delaware River
Fli n t System

Gult Intracoastal Wa1;erway

Great Lakes
EIouston Ship Canal
Efudson River
Illinois River
James River
Lower Mississippi River
Missouri River
New York City to Delaware 13ay

New York State 13arge Canal
Ocean Coastal, Maine to Boston 13ay

Ohio River
Potomac River
Hail Mileage Final Link
Rail Mileage Plant to Water

Savannah River
Tennessee River
Upper Mississippi River
Barnwell, S.C.

-~ Oak Ridge, Tenn,



Table A.4. Intermodal Route Descriptions

No. Plant

1 Arkansas
1.2

2 Duane
Arnold

3 Bai1ly
G. S.

4 Beaver
Valley
1,2

Route Description and Mileage per Link

L.M./383; Ohio/45; Ark/200; Tenn./652; RHFL/4

RMPW/85', UM/484; Ohio/45; Tean./652; RMFL/4

UM/220; Ill/354; Ohio/45; Tenn./652: GL/55; RMFL/4

Ohio/900; Tenn./652; RMFL/4

Total
Receivtng Mties
Factlitv By Barge

1310

1296

1356

1582

Notes.

Barge loading at
Rx site

Browne Tenn/343; RMFL/4 373
Fe1 ry
1.2,3

6 Brunswick
1,2

7 Calvert
Cliffs
1,2

6 Cook
1,2

9 Cooper
Station

10 Crystal
River

11 Davis
Besse

RMPW/2; SA/150; AI/275; RMFL/15

SA/150; AI/585: CB/138; RMFL/15

UM/220; Ill/354; Ohio/45; Tenn./652; GL/75; RMFL/4

UM/182; MI/556; Ohio/45; Tenn./652; RMFL/4

SA/150 ', AI/700; RMFL/15

UM/220; Ill/354; Ohio/45; Tenn./652; GL/750; RMFL/4

983

1376

1465

960

2051



Table A. 4. ( Cont inued)

Route Description and Mileage per Link
Receiving Total
Facility Miles Notes...

12

15

Diablo
Canyon

Fermi

Parley
1,2

Fitz-
Patrick

UM/220; Ill./354; Ohio/45; Tenn./542; NYSC/700; RMFL/4

SA/150; GI/500; FS/125; AI/350; RMFL/15

NYCDB/180; SA/150 l AI/585; DE/80', CB/246 l HU/155 l NYSC/200; GL/30 l RMFL/15

2001

1235

1736

~Rail accross
country

16 Forked
River

18 Hutchin-
son
Island

17 Hatch

NYCDB/110; SA/150; SI/585; DE/80; CB/246; RMFL/15

RMP1/95; SA/150; RMFL/15

SA/150; AI/350; RMFL/15

1281

(355

610

Indian
Point

20 Kewannee

NYCDB/180 i SA/150 'I/585 'E/80 'B/246 i HU/60 'MFL/15

--i/'M/220;

Ill/354; Ohio/45; Tenn./652; GL/185; RMFL/4 0

1411

1486

113721 Limerick
1,2

RMPI/20; SA/150; A I/585; DE/272; CB/Comb; RMFL/15

22 Lasalle UM/220; Ill/258; Ohio/45; Tenn./652; RMFL/4 1205

23 Maine
Yankee

OC/400; NYCDB/180; SA/150; AI/585; DE/80; CB/246; RMFL/15 1751

McGuire RMFL/180

25 Midland RMPN/30; UM/220; Ill/354; Ohio/45; Tean./652; GL/550; RMFL/4

26 Millstone OC/125; NYCDB/180; SA/150; AI/585; DE/80; CB/246; RMFL/15

RMPW/45; SA/150'AI/585; CB/103; RMFL/1527 North
Anna

B 180 Direct Rail

1881

8 1476

8 993



Table A.4. (Continued)

No. Plant

28 Point
Beach

Prarie
Island

Rancho
Seco

3I
~

Salem

32 I San
!Onofre

33 I Seabrook
I

34 I Sequoyab
t

3n ! Shoreham

36 Susquah-
Hanna

37 Three
Mile
Island

38 Tro3 an

39 Summer

40 rater-
ford
Steam

rat ts
BAR

I

!Route Descrtptt on and Mileage per Ltna

!VM/220; Ill/354; Ohio/45; Tenn./652; GL/175; RMFL/4

VM/820; Ohio/-15; Tenn./652; RMFL/4

I

!SA/150; AI/226; CB/Comb; RMFL/15

!
LM/805; Ohio/45; PO/80; Tenn./652: GI/250; HS/50; RMFL/1540 '4

10C/300; NYCDB/180; SA/150; FS/585; DE/80; CB/246; RMFL/15

(Tenn./150; RMFL/4

IOC/75'YCDB/180i SA/150i AI/585i DE/80'B/246; RMFL/15

!
RMPr/110; SA/150; AI/585; DE/272; CB/Comb; RMFL/15

!

RMPR/80; SA/150; AI/585; CB/188; RMFL/15

t

RMFL/90

LM/830; Ohio/45; Tenn./652; RMFL/4

Tenn./120; RMFL/4

1520

0

1071

~ Rail Across
country

3461 vRail across
countrv

1651

I180

1426

1227

1113

0 Ra.il across
countrv

90 Rail Direct
1

1557

I
I

150
i

eceivxng Total
acility ! Miles Notes..

42 Zimmer

43
~

Zion

Ohio/485; Tenn./652; RMFL/4

~UM/220; Ill/354; Ohio/45; Tenn./652; GL/50; RMFL/4

1167

1351



Table A. 4. (Continued)

No. Plant

44 Big Rock
Poiat

45 Conn.
Yankee

Route Description and Mileage per LInk

UM/220; Ill/354; Ohio/45; Tenn/652; GL/300: RMFL/4

OC/130; NYCDB/180; SA/150; AI/585; DE/80; CB/246; RMFL/15

Receiving
Facility

0

Total
Miles Notes

1601
I

I 1481

46 Dresden UM/220; Ill/270; Ohio/45; Tenn/652; RMFL/4

47 Ft.
Calhoun

48 R. E.
Ginna

UM/220; MI j665; Ohio/45; Tenn/652; RMFL/4

NYCDB/180; SA/150; AI/585'E/80'B/246'U/155'BSC/ 200'L/50: RMFL/15

49 Humbolt
Bay

50 Monti-
cello

RMPW/70; UM/855. Ohio/45; Tenn/652; RMFL/4

51 Nine Mile NYCDB/180; SA/150; AI/585; DE/80; CB/24o; HU/155; NYSC/200; GL/20; RFML/15
Point

0

1217

1612

!

1756

1652

1726

Rail across
country

52 Oconee

53 Oyster
Creek

54 Palisades

55 Peach
Bottom

56 Pilgrim

57 Quad
Cities

RMFL/4

NYCDB/110; SA/150; AI/585; DE/80; CB/246; RMFL/15

UM/220; Ill/354; Ohio/45; Tenn/652; GL/100; RMFL/4

RMPW/30'A/150; AI/585i.''igg/208; RMFL'/15

OC/250; NYCDB/180; SA/150; AI/585; DE/80; CB/246; RMFL/15

UM/504; Ohio/45; Tenn/652; RMFL/4

30 Rail Direct

8 1281

0
i

1401

1083

8 1601

0 1231



Table A.4. (Continued)

I

58
)

Robtnson

59
}

Surry

so!

6!

62

Turkey
Point

Vermont
Yankhe

Yankee
Rowe

Bell
Fonte

~

64
~

Catawba

!Route Description and Mileage per Link

~RMFL/165

ISA/150; AI/585; JA/50," RMFL/15

!
SA/150; AI/485; RMFL/15

RMPW/75; NYCDB/180; SA/150; AI/585; DE/80; CB/246; HU/155; RMFL/15

RMPW/50; HYCDB/180; SA/150; AI/585; DE/80; CB/246; HU/155; RMFL/15

Tenn/240; RMFL/4

RMFL/130

]
66 Douglas

Polo t
SA/150; AI/585; CB/175; RMFL/15

I 65 Commanche RMPW/275; LM/805; Ohro/45; Tenn/652; GI/259; HS/50: RMFL/4
Peak

Receiving
Faczltty

0

89s !

lsal
I

1556

270
~

130
I

2089

1020

Direct Rail

Total
Miles Motes...

165 ~Direct Rail

67 Grand
GUIS

68 Hanford
S2

LM/570; Ohio/45; Tenn/652; RMFL/4 0 1297

Rail across
country

69 Lacross UM/675; Ohio/45; Tenn/652; RMFL/4 1402

70 Perry

71 Harris

72 Vcgtle

73 Aliens
Creek

VM/220; Ill/354; Ohio/45; Tenn/652; GL/750: RMFL/4

RMPW/50; SA/150; A I/425; RMFL/15

RMFL/130

RMPW/80; LM/805; Ohio/45; Tenn/652; GI/259; HS/50; RMFL/4

2051

735

130 Direct Rail

0 1921



Table A.4. (Continued)

Plant

Braidwood

Byron
Station

River
Bend

vs/

vs/

vv/

l
78jCaliaway

79~Cherokee

80(clinton

Route Description and Mileage per Link

RMPW/25; UM/220; Ill/288; Ohio/45; Tenn/652; RMFL/4

RMPW/75; UM/484; Ohio/45; Tenn/652; RMFL/4

LM/700; Ohio/45; Tenn/652; RMFI/O

UM/182; MI/159; Ohio/45; Tenn/652; RMFL/4

RMFL/100

RMPW/75; UM/220; Ill/163; Ohio/45; Tenn/652; RIG'L/4

82 Kosh-
Konong

83~Montague

RMPW/50; UM/220; Ill/354; Ohio/45; Tenn/652; GL/80; RMFL/4

RMPW/80; PO/160; aVYCDB/180; SA/150; AI/585; DE/80; CB/246; RMFL/15

84 Perkzns RMFL/ISO

85 Quani-
Cassee

UM/220: Ill/354; Ohio/45; Tenn/652; GL/550; RMFL/4

86 So. Texas LM/805; Ohio/45; Tenn/652; GI/384: RMFL/4

87~sterling

88 Wolf
Creek

89 Blues
Hi I ls

90 Hope
Creek

91 Tyrone

NYCDB/180; SA/150: AI(585; DE/80; CB/246; HU/155; NYSC/200; GL/30

RMPW/100; UM/182; MI/382; Ohio/4=; Tenn(652; RMFL/4

RMPW/60; LM(805; Ohio/45; Tenn/652; GI/253; RMFL/»

RMPW/50; SA/150: AI/585; DE/246.'B/Comb; RMFL/15

RMPW/35; UM/820; Ohio/45; Tenn/652; RMFL/4

Sl Greenwood RMPW/25; UM/220; Ill/354; Ohio/45; Tenn/652: GL/600; RMFL/4

Receiving
Facility .

Total i

Miles~ Hoses...
1260

1286

1427

0 1068

100 Direct Rail

0 1185

0
J

1926

o (ia:i

8
I

I

l

c.

0

RMFI./15
)

8

o

1591
I

180
~

Direct Rail

1851

1391

184i 5

1141

ISSS
(

1916 Dredge cannal for
barge loading



Table A. 4. (Continued)

92 Harts-
ville

93 Phipps
Bend

Tenn/652; CU/204: RMFL(4

RMFL/100

9 Sk

95 Barton
~

RMPW/150; Tenn/343; RMFL/di

ho. Plant Route Description and Mileage per Lank
Receiving
Facility

Tot a li
Mi 1esI

iii
~

100

Notes.

Direct Rail

523
~

!I.Rail across
cnuntrv

/it

ie
[

l

/

ioi)

Palo
Verde

James

Pebble
Springs

iNtw
England

Green
County

I

101 Black
Fox

102 Atlantic
1 2

103 Marble
Hill

OC/10Q'l NYCDB/180: SA/150; AI/585; DE/80,'B/246,'MFL/15

OC/?00; NYCDB/180; SA/150r Al/585; DE/80; CB/246; RMFL/15

NYCDB/180; SA/150; AI/565; DE/8Q; CB/246; NYSC/120; RMFL/15

PiMPN/125; LM/383; Ohio/45; ARK/350; Tenn/652; RMFL/4

NYCDB/75; SA/150; AI/585; DE/80; CB/246; RMFL/15

Ohio/337; Tenn/652; RMFL/4

8 1451

o

8 1551
)

8 1471

0 1585

8 1246

0 1019

Rail across
country

Rail across
country

104 Yellow Tenn/45Q; RMFL/4
Creek

105 MPPSS 3,5

0 480

Rail across
country



Table A.4. (Continued)

106 Sea
Island

No. Plant Route Description and Mileage per Link

OC/475; NYCDB/180; SA/150; AI/585; DE/80; CB/246: RMFL/15

Receiving!Total
Facility !Miles

8 1676

Notes.

107 Atlantic
3,4

NYCDB/25; SA/150', AI/585; DE/80; CB/246,'RMFL/ 15

107 Portland RMPW/75; SA/150; AI/585; CB/305; RMFL/15 8 1225

B 1196

108

109

Central
Iowa

Erie

SR
1,2

Sun
Desert

RMPW/250; LM/484; Ohio/45; Tenn/652; RMFL/4

(
UM/220; Ill/354; Ohio/45; Tenn/652; GL/725; RMFL/4

RMFL/100

0
(

1461

0 2026

100

Distance to naviga.hie
water > 10% of trip
length

Direct Rail

Rail across
country

ig
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APPENDIX 13, Prob~bi.li Lies o.t'. Sustained Thermo,l Environments
a.ncl PeneLration u 2 a, Co.sk by Stubs or Missiles



Thermal Environments and Severe Accident Frequencies

The probability oi'enetration o.f a spent .f'uel cask
can be evalua Led as the product of: the probability of a

serious accident in which a missile or a stub may be generat< dI and the conditional probability of;» peneLration given a'tub
or missile impact.

The probability of a serio»»s accidenL potentially
involving stub or missile impacts can be determined from C<»»st

G»»;»rd records. In particular, the Coast Guard data f.ile
(B-l)system conLains filed dat;» on waterborne a«cidents reported

through Lhe following:

a) Marine Board o.f ln<iuiry Reports
b) USCG Narrative Doc»ments

c) US Port Authority Comma.nder Letters
of Transmittal

d) Other writi.en sources

This data ~base inquiry encompassed the entire network of
western rivers for cargo barge and tank barge accidents occurring
over a six year period from 1970—1975. It al.so included data
from a. l.arge area of the southern Mississippi River, an ar<'a,t that is very similar to the Chesapeake Bay Area. A suitable
filtering of data was performed for barge accidents reported in
this file in order to separate accidents fitting a relatively
general category, such as collisions, into severity levels;
damage in dollars sustained by the vessel and cargo and the
extent of the loss (a total or non-total 1oss of the vessel)
were used as the seal.ing cri teria. Other parameters of signi-
ficance, such as the presence of fii e, were also considered and

8-2 233



the appendix. The relative numbers of occurrences for ten

casualty types involving cargo barges similar to the type
used in spent fuel transport are shown in Table B.1 as a.

function of dollar amounts of damage for a six year period.
Table B.2 gives a similar breakdown nf data. for tank barges.
The categories entitled Collisions, Rammings, and Fires and/or

Explosions were of particular interest Lo this study: these
are given as casua,lty 'types 1, 2, and 4, respectively. Values

for all casualty categories were normalized using barge mileage
estimates taken from the Corps of Engineers National Summary

literature of 9.8 x 10 cargo barge miles/year and(B-2) 7

3.8 x 10 tank barge miles/year.7

Two parameters were used to determine severe accident
frequencies;

a) instances involving total loss of vessel
and contents

b) instances resulting in cargo damage
,,)100.5K

The car go barge acciden t da ta i n Tabl e B.1 includes the follows ng

signl ficant Accul rences over a six-year period:

a) 36 collision and ram@ning incidents
resulting in total loss of the vessel
and its contents

b) 1 fire and explosion incident resulting
in total loss of the vessel and its
contents

d)

3 fire and explosion incidents resulting
in > $100.5K in cargo damage

20 collision and ramming incidents
resulting in > $100.5K in cargo
damage



Key of Casualty Descriptions for Tables B.l and B.2

NATURE OF
CASUALTY DESCRIPTION

9
10

Collisions
Rammings

Groundings
Fire and/or Explosions
Founderings and Capsizing
Structural Failures
Heavy Weather

Cargo Damage — No Damage to Vessel
Barge Breakaway

Other — Undetermined or Not Classified



Table B.l. Summary of Incidence Data on Cargo Barge Accidents on Western Rivers
for the Period 1969- 1970 Inclusive
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fahle B.2. Summary Incidence Data on ~nk Barge Accidents 'estern Rivers
for theMeriod 1969—1970 Inclusive.
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PSI 3.4 x 10

I

The range of probability for a fire or explosion is

!

The range of probability for evaluating the likelihood
of severe impact used in this report,i

to 6.1 x '10, /b-mi-8 ' -8

8.2

P = 1.7 x 10 I to 5.1 x 10 /b-mi-9 '9
E

Penetration Equations for Defining Massive Cask
Boundary Failure Phenomena

A number of equations exist for modeling the pentration
of one dimensional steel plates by missiles. One formula for
penetration of steel plates by missiles taken from Ballistic

(8-3)Research Laboratory (BRL) data . is

T = [(MV /2)/(49200 R )] = (MV /2) /(1343 R)3 2 2/3 2 2/3

where

T = thickness of steel to be just perforated (in.)
MV /2 =, normal kinetic energy of missile (ft.-lb.)

R Irnissile radius (in.)
V = normal velocity (ft./sec.)

(8-4)Another formula, given in a Sandia Laboratory report based
on earlier ballistic results, is

2 n 2T = 12(MV /2$ (2YR )

where Y = yield stress of the plate (psi) and the other
parameters are the same as above. Because both of these



,
relationships were developed to characterize the penetration
of missiles through infinite plates, their application in a

. one dimensional analysis is l'imited to plates whose dimensions
are much greater khan the length of. the missile. IIowever, the
basic idea behind them,, that oi energy dissipation, is relatively
insensitive to the missile length. This basic idea permits the
application of these models to probabilistic models of the
penetration of 'plates by stubs.

2For missile penetration, MV is the kinetic energy of.
the missile if the object being struck is immovable. For cask
penetration by a stub, the relevant ener'gy is'he kinetic energy
of the cask. Both of these limits could be obtained by considering
M to be the reduced mass M, M2/(Ml + M2) and V the relative
velocity. Furthermore, both of these relations neglect the
effect o:f material behind the plate. A steel plate backed by
a lead plate is more resistant to penetration since there would
be increased energy dissipation due to the deformation of both
the lead and the steel.

Figure B.l shows the relation for T and MV /2 for both2

-1models. The point V/R = 58 sec corresponds'o the standard
40 in. drop on a 6 in. diameter post for a 200,000 lb. cask
(the nominal weight of NLI 10/24 cask assembly). See Section 3
for details.

In this report, a penetration to the cask interior
which involves penetration of '3k" oi stainless steel and 6"
of lead is of particular interest. (Thi.s is equivalent to
3.5 + 6.0 x 3000/90000 = 3.7" stainless steel'in the "Sandia!"
relation due.to the low yield stress for lead.)
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B.3 Penetration of the Cask Boundary by Missile Impacts

Pull penetration of the protective layers of the NLI

10/24 cask, using BRL and Sandia data, requires that:

(BRL)
2 2/3

R
> 4.97 x 10 (1) i

(Sandia) MV

2
1
R

4.36 x 104 (2)

Characterizing the missile in
the length to width ratio, h,

yields

terms of the missile density, p,
and the impact area radius, R,

M = (3.545 x 10 )pAR

The ki.netic energy o:f the missile is

(3)

KE
3.545' 10: 3 2

2, pAR V

(1.77 x 10 )pXR V

(4)

Thus, the two penetration criteria become

(1.78 x 10 )p>R V
'

> 4.97 x 10 (5)

(Sandia.) (1.78 x 10 :)p)R V ] .;, —
2 > 4.36 x 10 (6),21

R

B-10
24k



which yields a required impact velocity of

4'1.41 x 10!(BRL) I V >, '/2 3/4(pX), R

4.96 'x 10!(Sandia) V 1/2 1/2(pX) R

The cumulative probability of an impact speed greater
than or equal to any given speed u is represe'nted as

P(V > u
~

u < a) = (1 — u/a) 4 (9)

whe" e a is the maximum collision velocity considered possible.
A maximum collision velocity of 20 mph =30 ft/s ( "or two barges
moving at 10 mph) is given by Shappert et al. 'his yields(B-'5)

P(V > u
~

u < a) = (1 — u/30) 4
( 9a.)

(BRL)

(Sandia)

1
V > (1.4lx 10 )

(pX) R

3 1
V > (4.96 x 10 )

(pX) R

(10)

(11)

If we allow V to be the threshold criteria. and we assume0
the probability of the missile not buckling during impact to be

(B-6)
1/A , the probability of penetration given by Fullwood et al.
is

P(V>V', ) <A )= —.(1— kX / )o', c (12)

B-,11 242



v. here

(BRL)
24.7 x 10

R3/4 1/2' (13)

and

2
(Sandia) k = 1.69 x 10 (14)

for the two analytic methods.

Noting that the penetration probability is maximized
at X = 3k, a maximum penetration probability may be written(k) =

by differentiating eq. 12 as

P(X,V) 1
m 9k2

k 2.195 x 10 (15)
3k k2

which, when evaluated for the respective k factors, yields

(BRL) P(X,V) = (9.94 x l0 )R ' (1"')

(Sandia) P(A,V) = (7.69 x 10 )Rp (17)

Averaging over a uniform distribution of missile radii
from 3" t'o 18" and using a maximum material specific gravity
p=10, we fnund the probability', of penetration due to missile
impact to be

( HRL) P = 3.38 x 10 /impact (18)

(Sandia) PM>
= 8.07 x 10 /impact

-5
(19)

24~



The above may be regarded as the conditional probability

of a cask penetration given an impact by a missile generated in

the collision of two vessels. The choice of large missile sur-

face areas is based on engineering judgment, with due considera-

tion of the likelihood of extremely large dense items being

present on the impacting vessel.

For the purposes of this study the BRL criteria is con-

sidered more accurate; therefore, the probability of missile
penetration given an impact is taken to be

-5
PMl

= 3.4 x 10 /impact (19a)

The probability of an explosion severe enough to generate

the missile described previously on page B-7 is

P = 1.7 x 10 /b-mi to 5.1 x 10 /b-mi (19b)—9 -9
. K

with a probability of 0.01 'sed to assess the condi-(B—6, B-7)

ti.onal likelihood that large missiles will be generated. Thus,

P = 1.7 x 10 /b-mi to 5.1 x 10 /b-mi-11 -11 . (19c)
ME

The probability of cask puncture by the impact of a

detonati.on-produced missile, using a safety factor of 10 for
the higher velocity missiles involved, is

M1 MI ME

5.8 x 10 /b-mi to 1.7 x 10 /b —mi (19d)

8-13



Again using a factor of 0.01 as the conditional proba-
bility that large missiles are produced in a collision, the
probability of large missiles impacting the casks as a result
of a barge collision is

PMSC
= 3,4 x 10 /b-mi to 6.1 x 10 /b-mi-10 . -10 . (19e)

Thus, the corresponding probability of a cask puncture by

collision-produced missiles is

P = l. 2 x 10 /b-'mi to 2,1 x 10 /b-mi-14, . -14 . (19f)
M2

Both PM1 and P 2 are exceedingly sma,ll probabilities
when compared to other probabilistic sources of cask failures
modeled in section 5.0,

Stub Penetration of the Cask Boundary

Stubs encountered in an accident may vary in size, but
it is assumed that a stub less than 3" in radius will probably
buckle under impact; a stub 18" in radius represents the maxi-
mum size of stub likely to be found on a transport vessel
(e.g. barge). The probability of a stub penetration of a cask
is a function of

a) the probability of encountering a stub
in an accident,(PSE)

b) the probability that the encountered stub
is small enough in radius (but > 3"),to
penetrate the cask body (P )

c) the probability of the impact velocity
being sufficiently high to produce
penetration (P>)

8-14



The intersection of these three events is

S SE '
V

(20)

which defines the probability of cask puncture by a moving stub.

The -probability of the existence of a moving stub is
taken as 0.01 of the probability of a serious collision in

order to allow for the fact that it is unlikely that even a

serious collision will produce a direct side impact of the
cask by a stub. Thus, the probability of the cask colliding
with a moving stub is

PSE = 3.4 x 10 to 6.1 x 10 /b-mi
—10 -10 (20a)

In case of impact by a stub, the determining mass is
that of the cask itself, Substituting the cask mass into
equations 1 and 2 yields

(BRL) V 10.6R'/'21)
(Sandia) V > 3.74 R (22)

which maximizes the probability of entry for smaller stubs.
For a. 3" radius stub, the impact velocities necessary for
penetration, as found by the BRL and Sandia equations are
24'.2 ft/sec and 11.2 ft/sec, respectively. Hy noting that
the maximum speed which is assumed possible for a collision
or ramming is 30 ft/sec and substituting into equations 21

and 22, the corresponding maximum stub radii capable of
penetration are



(BRL) (
30 )4/3

m 10.6 (23)

(Sandia) 0 = (3 74) = 8"30 (24)

(25)

The probability that the stub radius will be less than
R for a uniform distribution of stub radii from A to 8 is

m R
R — A

PR = f(x)dx =
8 A

A

Rence, for stubs ranging from 3" to 18" in r Pius,

(BRL) PR = 6,6 x 10 (26)

(Sandia) PR 0.333 (27)

At this point we wish to know the 'average" speed of
a stub which will penetrate the cask wall, and the probability
of occurrence of such a stub. It is already known, or has been
assumed in the above calculations, that

a) stubs greater than 18" in radius are
unlikely

b) stubs of <3" in radius will likely buckle on
impact

c) stubs of radius greater than 4" or 8"
(depending on which penetration equation
is used) will not puncture

d) relative impact speeds between stub and
cask greater than 30 ft/sec are unlikely

e) the lower limit of penetration velocities
from penetration equations 21 and 22 are
24.2 ft/sec and 11.2 ft/sec, respectively

.P B-j.6



The expected value of penetrating velocities ("average"
penetrating speed) is determined by using a modified cumulative
distribution for penetration velocity. The cumulative proba-
bility of the impact velocity (V) being within the range where

puncture can occur is obtained from the distribution

P(V < v
~

b < v < a) = ( 0 (28)

P(h < v < a)
where b and a represent the lower and upper puncture velocity
bounds. The conditional probability of V being less than
and within 'the interval b < v < a is simply the cumulative
probability of U being less than u minus the cumulative proba.—

bility of V being less than b. Thus, equation 28 becomes

P{V < u fl b < u a) = 1 — ( l — —) — I1-(1- —)
v4(b41 (29)

The probability of V being within the interval b < v < a is
simply the probability of. V being greater than b, or

P(b < v < a) = (1 — —)
b 4 (30)

Hence, the cumulative probability of V being less than v, given
that it is within the interval (b < v < a), can be expressed as

P(V < u i b < v < a) = 1 ——(1 — —)
1 u 4
h a (31)

where h = (1 ——)
b 4
a

Knowing the cumulative probability function (equation 31),
the probability density function is:

B-17
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f(v i
b < u < a). = —(1 — —)

4 u 3
ah a '(32 )

nnd the expected value of the distribution is

pa
E(u

~

b< u < a) =J —(1
b

= b + —(15

—) vdvU 3
a

—)
b
a

(33)

The expected impact velocity, given the two lower puncture
velocity bounds b = 24.2 ft/s (BRL) and b = 11.2 ft/s (Sandia)
are determined from equation 33, using a = 30 ft/s as the
upper puncture velocity bound;

(BRL) E(v
~

24.2 < v < 30) = 25.4 ft/s ( 34a. )

(Sandia) E(v I
11 2 < v < 30) = 15 f t/s (34b)

The corresponding probabilities of these impact collision
speeds existing are given by equation 9,

P = (1 — v/30) 4
V ( 5)

(BRL) PV = 5.53 x 10 (35a)

(Sandia) PV = 6,25 x 10 (35b)

Thus, the probability of stub penetration per impact derived
from both sources is

I R
'

(36)



(36a)

(BRL) P = (5.53 x 10 )(6.6 x 10 ) = 3.65 x 10 /b-miI

(Sandia) P = (6.25 x 10 ")(0.333) = 2.08 x 10 /b-mi (36b)2 -2
I

It is unlikely that the probability of a cask penetration

per impact by a missile or stub is adequately predicted by

the Sandia equations since, as shown by Fullwood, the relation(B-6)

implies that the cask would not survive the stub impact test
which is a prerequisite of licensing. Therefore, the BRL

results are accepted and the following probability of cask pene-

tration by a stub is used in this report:

P = 4.0 x 10 /impactI

Using the probability of the cask encountering a

moving stub from equation 20a, the probability of a puncture

of the cask wall by a moving stub is,

PS = 1.4 x 30 to 2,4 x 10 /b-mi-14 -14
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Al>i'HNDIX C. Estimate of Liquid Release Source
Term for a Ylorst Case Spent 1'uel
Shipping Caslc Accident
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Introduction

This appendix describes the technical basis used to
develop source terms for radioactivity release in a postulated
worst case spent-fuel shipping caulk accident during its trans-
port. It is assumed that the accident causes failure of the
cask containment and rods, and the damaged cask falls into
the body of water exposing the spent fuel assemblies to the
natural water environment, For reference purposes, the cask
is assumed to contain up to 10 PWB spent fuel assemblies which
are cooled by natural convection in the norinal shipping mode.

The radioactivity source term 'development for this
case closely parallels the procedure used .for a severe reactor
accident case , that is, a two component source term is(C-1)

defined which consists of (1) an initial source and (2) a
delayed source. The rationale and data involved in the defi-
nition of the sizes of these two sources are described in the
following sections.

C.2 The Initial Source Term

It is expected that an accident severe enough to cause
failure of the cask will also cause some damage to the fuel
assemblies inside. The fracturing of fuel rod claddings would
expose rod contents to incoming fresh water or seawater. Fission
products present in the fuel-cladding gap, ;is well as fission
products at accessible fuel surfaces,
by the water. Subsequent ilushing of
lation processes could then transport
to the natural environment.

could be readily dissolved
the cask cavity by circii-
these fission products



1

The iirst step in defining the initial source is to
obtain an estimate of the amount and type of, fission product
sp'ecies that might be readily .exposed to water in the postulated
scenario. Calculations of fission product r'elease from UO2

fuel during irradiation under reactor operating conditions
may be used to provide such an !estimate. Calculations based
on simple diffusion model.s are preferred because these indicate
the fission product fractions which tend to reach grain
boundaries within the fuel. Af'ter reaching grain boundaries,
fission product species probably agglomerate to form separate
phases which exhi~bit different potentials for further migration
to the fuel rod gap through interconnected porosity. If the
latter occurs, the inventory is in the gap and is readily
exposed to water, provided the cladding is broken. If migration
out of the fuel does not occur, some portion of the grain
boundary inventory may still become readily exposed to water,
because discharged reactor tuel pellets are usually cracked
into smaller pieces and fractures in these types of materials
are often found to follow intergranular paths. Although this
is an oversimplified pictur'e oi'he complex interactions Lhat

take place in ;lissioning UO , it is used in this study as the
basis tor a conservative estimate of the magnitude of the
easily dissolved portion of the fission product inventory;

ResulLs of fissior> producL. release calculations using
both an empirical diffusion model and the old equivalent sphere
dif:fusion model are reported in Appendix VII of WASH-1400

(DRAFT)
' The predicted rel'eases are summarized in Table C.l.(C-2)

The first four fission products here have releases in the range
oi 5 to 20% while the strontium value is a factor of 3 to 10
lower. Diffusion Icoefficiet(t data also provided~ in Appendix VII
of WASH-1400 (C-3) indicate ruthenium release would be similar

C-3



to strontium. This would n.iso presumably apply to elements
which are chemical analogs of ruthenium such n.s technetium,
molybdenum, cadmium, and perhaps palladium, rhodium, or silver.
Di.ffusion data for all the other fission products (mainly'rare
earths, zirconium, niobium, nnd activation produced actinides)
are very limited, but another tabulation . suggests these(C-4)

diffuse n.t somewhat slower rates in U02 than do strontium nnd

rutheni.um. Our esimates for the diifusion release of fission
product species (based on these observations) are: 20% for
the hnlogens, alkali, metals, telluz i»m group species and their
chemical analogs; 2% for the alknline earths, the transition
metals, nnd their chemi.cal analogs; and 1% for all other
elements. This is considered to be a conservnti.vely high
estimn.te, but necessary in vi.ew of the lack of more precise
datn,.

Table C.l. Fission Product Diffusion Release
Predictions for Discharge Reactor Fuel.

Release Fraction
Fission Product Empirical Model Equivn,lent Sphere

Model

Te

.08

.14

.21

.10 (est.)

.02

.10

.10

.05

.10 (est.)

.02

Data taken from Table 1., 'Appendix VII, WASH —1400 (DRAFT).



The second step in defining the initial source is to
estimate the fraction of the potentially available radioactive
material that would actually be rapidly dissolved. For the

purposes of. this study i't is assumed that only one-tenth of
the diffusion release values given above would actually become

readily dissolve'd in the initial exposure of cask contents to
water. Two good reasons for this assumption are that the
accident would probably not cause all fuel rods to crack or
shatter, and more important, it is doubtful that the fuel
it elf would be cracked to the, extent necessary to expose all
grain boundary surfaces directly to water. Fuel grain sizes
vary somewha.t, but assuming a nominal value of 100 pm suggests
that a luel pellet would have to crack into about a million
pieces to expose all grains. Cra.cking into pieces of about

1000 pm is more reasonable and photomicrographs of high burnup

V02 tuel have been published which tend to confirm this order
(C-5, C-6)of subdivisi.on ' A UO pa.rticle size of 1000 pm2

impli.es that only 10~ac. of the grain boundary surfaced would be

directly exposed to water (assuming the cladding had failed)
and hence only one-tenth of the dil'fusion release fission
product would be readily dissolved (assuming soluable forms

for all species). In summary, the initial source term for
the cask acci.dent is defined as follows in terms of percentages
of the tota.l activity content ol'he spent fuel contents:

a) 2% o~f. the halogens, the alkali metals,
the tellurium group, and their chemical
analogs ')

b) 0.2",~> o:f the alkaline earths, the transition
metals group, and their

analogs,')

0.1% of all other species



C.3 The Delayed Source Term

The delayed source term for the cask accident case i .
defined using the same rationale that wns used to define the

(C—1)delayed source term for a severe reactor accident in reference.
The process is envisioned as gradual leaching of the exposed
fuel with all fission products going into solution at the same

rate. The leaching is assumed to take place at a. temperature
of about 25 C. Using a fuel particle size of 1000 pm and a
fuel density of 10 g/cm , the following expressions for3

tractional leaching with time can be obtained from equations
(1) and (2) of reference (C-1 ) .

6 x 10 (t); t < 30 days;
-5

f = 6 x 10 (t — 30); t > 30 days.-6
2

where,

f = the cumulative fraction of
fission product leached

t = time in days.

Solution of these two equations produced the cumulative
fractions leached given in Table C,2.

, C-6
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Table C.2. Fission Product Leach Fractions
Versus Time for the Cask Accident

Exposure Time (days) Cumulative Fraction
Leached

10
30

180
730

6 x
6 x

1.8 x
2.7 x
6.0 x

10-'0

10
10
10

It should be noted that the above leach expressions
are believed to conservatively overestimate the actual rate
of leaching because the water volume in the cask cavity is
rather limited. It is estimated that this water volume would

have to f1ush several times a day in order to prevent buildup
of fission product water concentrations to levels which might

i.nhibit the leaching process. This estimate is based on

standard procedures used in making laboratory measurements

of leach rates, which require frequent water changes in the
first several days. Such a flushing rate implies large
openings to the cask cavity and relatively rapid circulation
in the natural water body. However, since accident details
are not well defined, it seems appropriate to use this con-
servative formulation.

C.4 Combination of Source Terms

The total radioactivity release to water for the
postulated shipping cask accident is the sum of the initial



APPENDIX D. Calculation of Downstream Concentrations
From A Point Source For Use In Evaluating
Liquid Release Consequences



General Relationships

Consider a "conservative efi'luent" that is dispersing
in river water under conditions of steady, or only slowly
varying, river flow. A conservative substance is defined here
as one which undergoes no process other than dilution. It is
also specified that the fluid properties of the conservative
effluent are identical to those of the ambient river water.
This work closely follows a review paper by 6ayre on(D-1)

natural mixing processes in rivers.

The general convec!,ion —d.i.ffusion equation for a dispersing
substance is written for an arbitrary control volume (c.v.)
as shown in equat;ion (1).

ac
p —dv =-p c u n ds + p E V .n ds

pt m

s s

rate o f change
of mass in c.v.

rate of change
of mass in c.v.
due to convection
across surface o:f
C,V.

rate of change of
mass in c.v. due to
molecular diffusion
across surface of c.v.

where
p

=- mass density of dispersing substance
u = fluid velocity
c = concentration by weight
n = unit normal vector directed outward

from surface of c.v.
E = molecular diffusion coefficient

m

Transforming the surface integrals to volume integrals yields
the familiar result:

Bc
Ft +V'Cu=EVC2

m
(2)
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Resolving the instantaneous concentration and velocity
int'o sums of time averaged and fluctuation components yi.elds

C = C + C, (3)
u=u. +u'.i i (4)

where the subscript i denotes the i coordinate direction..th

Using equations (3) and (4), and neglecting the molecular
diffusion term in equation (2), equation (2) for turbulent
llows becomes

Bc.3c + u.Bt 1 3 X.1
3

BX ~

ci ur (5)

The term on the right hand side of equation (5) is due to
turbulent dil'l'usion and is usually represented as a gradient-
type transfer term

c.u.i 1
c.u.i i

BC
$X.1

Substituting of equation (6) into equa'tion (5) and dropping
bars, yields the usual form of the general convection diffusion
equation for a conservative substance in a turbulent open-
channel:flow

+ u
3
—+ v 3

—+ v 3
—= — (E —) + — (E ) + (E 3 )

Bc Bc Bc 3 Bc BC ~~C

t x y z Bx xBx Bv y By Bz ZBZ
(7)

where

c(x,y,z,t) = concentration of dispersing substance
(z,y z) = coordinates x — longitudinal

y — vertical
z — transverse

E , E , E = coefficients for turbulent mass transfer in-x''
x,y,z directions.



Mixing due to the convective term is ca.lied dispersion.
Mixing due to the 'turbulent transfer term is called turbulenL
di.ffusion or simply diffusion. The boundary conditi.ons for
equation (7) are

vc —= 0By
B n

cwc —= 0Bn

Bc B~ 0'y By Bn
Bc BzE ——= 0"z Bz Bn

(9)

Buu»dary condi.Lions (8) and (9) say that there is no transport
of particles across the wetLed perimeter or the water surface
by ei ther convection nr dif fusi.on.

Assuming the transfer coefficients E, E, a»d E, are)

constant, we can replace them with mixing coef ficients K, Kt x''nd

K>. Also we can replace the longitudinal velocity by cross-
sectional average velocity u, Equation (7) then becomes

(including decaying concentration)

Bc — Bc B c2 B2c B c2—+u —=K -~ +K + K ~ —AcBt Bx x Bx y >74 z Bz (10)

D.2 Downstream Concentration From an Instantaneous Point
Source

For the case where effluent is released::from a, point
in one slug which is convected and diluted as it travels

Bc Bcdownstream, ~ and
B
— both equal zero, so equa.tion (10)z

reduces to:



whose solution is

C(x t) W
'

z/mk t exp
2(x-ut)

4 k t exp (-Xt) (12)

where
A = cross sectional area
W =weight of conservative substance

y = specific weight of water

:-decay rate of concentration

Equation (12) is equivalent to the form given in appendix B of
NUREG-0140 (D-2) and also to the one-dimensional version of

(D-3)
Equation (9) in Regulatory Guide 113.

D.3

When the source can still be characterized as eminating

from a. point but it is continous, the longitudinal dispersion
can be neglected in equation (10) which becomes

ac ac2
u —= K ~ — Aic

Bx z Bz4 (13)

whose solution is
FC

C(z,x)
ud 2 /mk x/u

where

ll,: F = volumetric discharge rate of effluent
C, = concentra'tion of effluent initially

d = depth of flow

I

I
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REST COPY AVNURE

Table D. 1. Mixing Distances for Tests Rt)n in
Reference D-4.
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